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PKEFACE 


This  is  a  book  for  students  who  have  time  to  work  many  exercises. 
Almost  every  table  of  numbers  is  supposed  to  be  worked  out  by  the 
reader  himself,   or   if  he   is  supposed  to  verify  only  some  of  the 
numbers  he    must    use    the    table    in    working    other    exercises. 
As  an  example  of  what  I  mean,  consider  Chap.  III.,  in  which  a 
student  is  supposed  to  work  out  every  number.     If  he  is  a  beginner 
who  knows  but  little  mathematics  he  will  work  on  squared  paper, 
and  he  is  led  gradually  through  his  own  work  to  see,  not  only  the 
value  of  expansion  but  the  limit  to  its  value  because  of  back  pressure 
and  condensation ;  he  sees  for  himself  also  the  nature  of  the  Willans 
Law.    But  the  very  same  work  ought  to  be  done  by  an  advanced 
student,  only  he  will  probably  use  formulae  which  he  can  prove  to  be 
wnwt,  instead  of  squared  paper.     Now  the  knowledge  conveyed  in 
this  simple  manner  is  of  the  very  greatest  importance,  but  it  is 
•isually  assumed  that  no  beginner  can  take  it  in.     Indeed  I  may  say 
that  advanced  students  have  usually  only  a  very  vague  comprehen- 
sion of  this  kind  of  knowledge.     There  is  all  the  difference  in  the 
world  between  an  attempt  to  study  by  mere  reading  and  a  real  study 
through  the  actual  doing  of  work. 

Readers  have  great  faith.  Tell  them  that  some  philosopher 
obtained  a  certain  law  of  adiabatic  expansion  of  steam  and  they  use 
W  that  law,  never  testing  it  for  themselves,  although  the  test  may  only 
^  need  half  an  hour's  work.  Tell  them  that  there  is  a  method  used  by 
I  ever)'b<xly  for  showing  the  wetness  of  the  steam  in  a  cylinder,  on  the 
C  indicator  diagram,  and  they  use  that  method,  although  the  exercise  of 
^  a  little  common-sense  would  show  them  that  the  method  is  based  on 
K^  fiUlacious   assumption.     There    has   been   far   too   much   of  this 
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taking  things  for  granted ;  there  may  have  been  some  excuse  IV 
doing  it  in  the  past,  but  there  is  no  excuse  now,  for  through  M 
McFarlane  Gray  and  others  we  have  very  easy  means  of  testin 
things  for  ourselves.  I  am  sorry  to  say  that  since  Rankine's  tim^ 
no  man  with  a  good  knowledge  of  physics  and  mathematics  seems  t 
have  devoted  himself  to  a  study  of  the  steam  engine.  There  ai 
men  who  have  done  very  useful  work  ;  the  text  books  are  filled  wit 
the  names  of  men  who  have  done  useful  small  things,  but  unforti 
nately  the  text  books  give  as  great  weight  to  some  of  the  result 
arrived  at  logically  from  wrong  data  as  if  Rankine  himself  had  worke 
them  out.  There  is  a  man  better  equipped  than  even  Rankine  we 
for  the  solution  of  steam  engine  problems,  but  unfortunately  h 
devotes  himself  to  isolated  problems  having  only  an  indirect  bearin 
upon  steam-engine  practice. 

If  I  am  looked  upon  as  a  person  who  wishes  to  give  results  to  h 
used  in  &ith  by  my  pupils,  it  will  be  very  easy  to  find  many  faults  i 
this  book.  But  I  beg  to  say  that  I  occupy  a  very  dififerent  positioi 
I  aim,  throughout,  at  showing  a  student  how  he,  himself,  may  attac 
problems  which  are,  as  yet,  only  partially  solved,  and  if  I  give  soni 
of  my  own  speculations,  it  is  only  when  they  are  suggestive  an 
likely  to  incite  a  student  to  go  on  with  the  study  through  experimer 
and  calculation  along  lines  which  seem  to  me  good  ones. 

John  Perry. 

Royal  College  op  Science, 
22nd  Febrxuiry,  1899. 

January,  1902. — I  beg  to  thank  those  readers  who  have  sent  m 
corrections,  and  especially  Mr.  A.  Hall,  who  has  carefully  gon 
through  the  proofs  of  this  third  edition.  Several  of  the  illustration 
of  details  of  engines  have  been  replaced  by  others,  I  hope  to  th 
very  considerable  improvement  of  the  book. 
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THE    STEAM    ENGINE. 


CHAPTER  I. 

INTRODUCTORY. 

1.  Everybody  thinks  that  the  books  he  read  in  his  boyhood  were 

fitf  more  interesting  than  boys*  books  now.     In  one  of  my  school 

books  there  was  a  story  about  people  cast  away  on  a  desert  island, 

who  discovered  and  made  friends  with  three  delightful  giants,  who 

actually  loved  to  do  work,  and   only  wanted  to  be  superintended. 

Their   names    were    "  Flowing    Water,"   "  Wind,"    and   "  Vapour." 

Hatnre's  stores  of  energy  are  indeed  like  helpful  giants  to  us 

but  they  need  superintendence,  and  we  need  to  study  their  ways. 

'^    In  that  old  story  the  men  who  discovered  and  utilized  the  services 

of  the  giants  were  men  who  had  reverence  and  wonder  and  an  eye 

for  lx\auty  of  all  kinds,  for  without  these  can  no  man  invent ;  and 

because  they  had  these  fine  qualities  they  also  had  that  uncommon 

^fi  called  common  sense,  and  so  they  knew  that  two  and  three  make 

five,  and  not  six  or  merely  four.     That  is,  these  men  could  calculate ; 

they  had  a  quantitative  experimental  knowledge  of  mechanics  and 

physics.     Without  these  kinds  of  knowledge  you  cannot  understand 

the  st<.-arn  engine,  although  it  is  possible  that  you  may  get  to  be 

calleii  engineers,  for  there  are  many  children  of  Gibeon  who  can  get 

pe<jple  to  call  them  engineers. 

That  a  student  may  be  aware  of  the  kind  of  knowledge  which 
ou^ht  to  be  familiar  to  engineers,  I  give  many  numerical  exercises, 
and  these  ought  to  be  worked.  I  must  assume  then  that  my 
n*aders  know  something  of  applied  mechanics,  and  how  to  calculate 
the  work  necessary  to  be  done  in  many  common  operations,  and  also 
how  to  make  calculations  concerning  stores  of  mechanical  energj'. 
Mechanical  energy  is  convertible  into  heat  by  friction,  and  everybody 
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knows  this,  but  I  assume  that  my  readers  have  a  quantitatiTC 
knowledge  of  the  fact,  based  upon  their  own  experience ;  in  £Bkct 
that  they  have  measured  Joule's  equivalent  for  themselves,  and 
worked  many  numerical  exercises  on  the  conversion  of  one  form  ol 
energy  into  another.  Again,  they  are  supposed  to  know  something 
of  chemistry,  sufficient  to  let  them  grasp  the  idea  that  by  letting 
certain  chemical  substances  combine  we  can  obtain  energy :  in  the 
case  of  coal  and  the  oxygen  of  the  air,  we  usually  get  the  energy  in 
the  form  of  heat,  but  in  the  case  of  some  other  substances,  we  get 
the  energy  in  the  much  more  manageable  form  of  electrical  enei^. 
Mere  reading  and  numerical  work  and  listening  to  lectures  are  oi 
themselves  of  no  use ;  laboratory  work  of  itself  is  of  no  use ;  a  wide 
and  exact  knowledge  of  this  great  subject  comes  to  us  only  gradually, 
and  it  never  comes  to  a  man  who  does  not  combine  these  vanoue 
methods  of  study. 

We  have  first  to  recognize  Nature's  great  stores  of  energy,  and  to 
estimate  their  magnitude ;  in  the  second  place  we  must  learn  how 
to  make  them  available  for  our  purposes.  In  the  following 
pages  I  shall  sometimes  assume  that  my  readers  already  know  a 
great  deal  about  the  subjeict,  and  at  other  places  I  shall  assume  that 
they  do  not  yet  really  know  some  of  the  most  elementary  facts  ol 
heat  and  mechanics.  It  is  easy  to  make  use  of  water-power,  and  my 
readers  know  how  to  make  all  sorts  of  calculations  about  it.  It  is 
heat  from  the  sun  which  causes  evaporation  from  seas  to  form  rain 
and  waterfalls.  Wind  power  was  utilized  by  our  ancestors  before 
they  knew  the  use  of  metals.  When  we  utilize  this  gift  of  Nature 
we  steal  not  from  the  energy  of  rotation  of  the  earth  on  its  axis, 
but  from  the  sun's  heat.  When  we  use  fuel  we  utilize  the  energy 
radiated  in  past  times  to  the  earth,  as  heat  and  light  from  the  sun, 
and  perhaps  it  is  only  when  we  convert  the  mechanical  energy  given 
out  by  our  bodies  into  heat  by  friction  that  we  learn  how  intense  is 
the  storage  of  energy  in  a  pound  of  fuel. 

3.  Nature  s  stores  of  energy  are  enormous  when  we  compare  them 
with,  say,  the  work  that  a  strong  labourer  will  do  in  a  day.  When 
a  labourer  lifts  50  lbs.,  60  feet  high,  he  does  3,000  foot  pounds  of  work. 
When  I  carelessly  nin  off  a  bath  full  of  hot  water,  say  20  cubic  feet 
or  1,250  lbs.  of  water  at  88"  C.  (or  100^  F.),  on  a  winter  day,  when 
the  supply  water  is,  say  at  2"*  C.  (or  35°  F.),  the  energy  that  esciipes 
is  ecjuivalent  very  closely  to  the  work  done  by  the  labourer  in  20,000 
of  his  jounieys,  or  62i  millions  of  foot  pounds.  The  energy  obtain- 
able from  the  burning  of  a  pound  of  coal  is  about  12  million  foot 
pounds,  and  from  a  pound  of  kerosene  17  millions.    Now  consider 
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thai  we  may  take  the  ran  to  have  a  surface  as  great  as  12,000  times 
that  of  the  earth,  and  we  may  imagine  that  more  than  half  a  ton 
(1,200  lbs.)  of  coal  is  burnt  completely  on  every  square  foot  of  that 
sor&oe  every  hour  (about  60  times  the  intensity  of  firing  in  the  best 
fiict(»y  boiler  furnace)  [this  is  really  about  7,250  horse-power  de- 
veloped as  heat  on  every  square  foot] ;  this  will  give  us  a  fair  idea  of 
the  rate  at  which  the  sun  is  losing  heat ;  now  imagine  that  this  enor- 
mous waste  has  been  going  on  for  1,000  million  years,  and  you  have 
some  idea  of  the  waste  of  energy  that  has  gone  on  in  our  comer  of  the 
oniverae.  Or  rather,  you  begin  to  see  how  hopeless  it  is  to  imagine 
the  greatness  of  Nature's  waste  of  energy.  It  is  probable  that  the 
stae  of  energy  in  any  small  portion  of  the  universe  in  another  form 
than  that  known  to  mechanical,  or  heat,  or  chemical  engineers,  might 
lead  us  to  figures  very  much  greater  still ;  but  it  is  not  necessary 
here  to  refer  to  this  quite  different  matter.  Nature's  greatest  stores 
of  energy  are  not  available,  possibly  through  our  present  want  of 
knowledge ;  but  I  am  inclined  to  think  that  they  are  really  not  avail- 
able at  all.  Of  the  available  stores  the  most  important  is  that  of 
coal,  and  it  is  necessary  at  once  for  us  to  become  possessed  of  a 
definite  knowledge  of  the  value  of  coal. 

When  a  pound  of  average  coal  is  carefully  burnt  and  all  the 
available  heat  is  measured,  we  find  that  it  gives  out  about  8,500 
centigrade  or  11,700  Fahrenheit  heat  units,  and  this  is  equivalent 
to  12  million  foot  pounds.  This  12  million  foot  pounds  is  a  good 
figure  to  keep  in  one's  memory  as  the  calorific  value  of  one  pound  of 
average  coal  (see  Art.  256).  Other  good  numbers  to  remember  are 
17  million  for  a  })ound  of  kerosene  and  530,000  foot  pounds  as  the 
•■alMi-ific  value  of  one  cubic  foot  of  average  coal  gas  at  atmospheric 
prwsssure  and  0'  C.  Now  if  it  is  remembered  that  the  engineer's  unit 
«jf  jKjwer  is 

1  h(>rse-p<jwer  =  33,000  foot  pounds  per  minute, 

it  is  quite*  easy  to  make  cert^iin  calculations  which  engineers  require 
U}  do  nearly  every  day  of  their  lives.  Thus  a  supply  of  1  lb.  of  coal 
(RT  hour  means  a  su})ply  of  12  million  foot  pounds  of  energy  per 
hour,  or  200,000  foot  pounds  per  minute,  or  (i  horse-power. 

It  is  only  a  large  and  good  steam  engine  which  gives  out 
actually  one  u.seful  horse-power  for  every  2  lbs.  of  co;d  |)er  hour  burnt 
in  the  furnace;  hence  a  very  good  st<ani  engine  Uikes  12  horse- 
power as  heat  and  gives  out  only  1  horse-power  usefully  mechanic- 
ally. Even  a  very  good  engine  (including  the  b<:)iler;  therefore  takes 
a  s&hilling,  returns  a  penny  usefully,  and  wastes  elevenpence.     In  any 
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0amttMa0r  «acs-  umailv*  mesoL  h^  ^isunury  die  ru^^  p«w^r  zr^^^i  ^m 
^ck^issin.  ''^siflpiU'  mii  iiMif^r  ba»  aa  «»tBrfi*firy  'li:  'Hiiv  ^V.    Is  will  oe  iHOxi 

jfpr^ra^  .Ml  Criaf).  X^X  ^^  '^aonni;  *^cpecc  iiiiii*k  b*His«Hr  r^suiis-  dtoa  ^be 
«lM«^  TTufn^  ji  niruui  hftUine  prmami  izL  2atf  **ngTne*f,  W-^H-iiuHie 
.flf^  -fftipiUrA  .irt>  ^way.^  mnrF^  ^^ificijenc  duuL  :HnaiI  *}iie&  Is  is-  oohr 
4.  jitr^  4&!Ain  '»n^nft  at'  S)0  hf)CK-power  or  mt^r^  tihac  wiH  zir^  the 
itif^^^,  iP^at,  RAr4>n  ^  \ar^  <*njpnfe,  if  d:  work?  on.  &  Tarymi^  kiafti  fike 
':lf«^  ^ft^pnt^  ^f  ;m  ^^^tnmit  «>r  hjdrsaiiic  compoay.  wiH  gi^re  Ri<alcs>  only 

;pt^  ^mc  '^n  %tu^,  ;*VKra(ip^  only  I  per  ciinli.  of  the  wfi»)ie  energy  ^oppiied 
.A  nh^tnir  -M^wtitig^  rjn^  of hi*r  DO  per  *!«iil 

jKofT  <^'*n  a^  iHMft  ipi0  emgtmm  oinn^  I>>w^:>n.  za:§w  msMie  firom 
.MftChfOMii^t  h*»  K#k#m  km>wTi  co  gire  ofiti  '^ne  TUsefol  hxjrse-pow^r  for 
I  Ih  of  ^/^,  Thw  m«tti«  aa  dBciency  wkicfi  is  twi«!e  a:*  great  as 
rJMn  of  mimy  bwrsp*^  tsu^j^ry  ^Ct^suxx  eogrne*y  of  winDee  perliij^rmance  their 
mulii^^isir  ;ir^  pro»vl, 

ff  (^/M  ^^lUt  lv>r  Knmt  .-m  zzivr  a  bomt  in  an  el^ctrrie  battery,  and 
*vmA  >n  «l  <^iWiim  <^jjfiru*^  io»t«vl  of  a  heat  engine,  we  might  expect 
f>v  ^/sn*^'^^*  flfW>r/»:  Rh<m  Jl^>  p^rr  ^^^mt  of  the  total  energy  into  mecfaaniad 
iportr  ^Mfi^'saii  ^»f  l«>:w  nhjiba  8  per  cent.  The  fnel  r  cwMiHHird  \gf 
MllMMii  Mt  ^y»nv<>rv<(  v>  Ur^^ely  into  asefal  wi>rk  that  we  are  pertectly 
'V^^iBin  Rtefr  nh^  ^j^ifte  ^/f  ammaL*  w  not  a  heat  engine,  bat  rather  an 
^Xfi^,f\t,  ^n^jfiA^^  W^  are  ^frarJrially  getting  s*>me  knowledge  of  the 
.i^vmiM  ttVv^hAA>**m»  ari^i  when  we  are  abb  to  imitate  XatureV 
r«v^,K^/U<  M>f  <r,earr*  awJ  other  heat  engines  will  be  Wked  upon  as 
0*i4v#wotw  \f\  the  rr»/TannifAe  we  are  improving  the  steam  engine. 
H  Ml*  \t\>fs^f^%t\<ji  wA«t/jfril,  Uit  it  gives  us  great  power  with  compoia- 
f«/A|y  4m**ll  jv/'ij(ht  mA  nizfz.  Every  traveller  by  land  or  water 
^f^^04  h/r*^  ^ff^nif  the  jfffW^tr  of  many  hondreds  or  thousands  of 
fV»f^Ar  m  i^i  /<^i  M>t  by  a  r^r/rrifiact  machine  under  easy  control,  and 
rt/^i^    ^M   A,r/»U/^t»/'^i    ^4  the   wf^ld   re«t«   mainly   upon  the   much 

#/  it  ^  4f,»f/|/'r»fr  c^u  t^ily  jmt  hii4  hand  upon  a  few  price  lists  of  the 

f/*^  ^^'iff^<ftft^^  f\rum,  let  him  make  out  a  table  of  the  weight  and 

A/^  4i^\  h//f4/f'^  yr^t^  fft  tntff'num  and  boilers  of  various  sizes.     Some- 

»^yyv^  ISA  /^/»   Mff  hM/MMjIf  by  drawing  ounces.     Also  he  ought  to 

iivy#  0m^^^%i*yi,  *4  f^M  vriOM  paid  Ibr  energy.     The  price  paid  for 

4n^  t^  /n  M^mftsf  m  ^xccmyt,  compared  with  the  price  paid 
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for  the  same  amount  of  work  done  by  an  engine.  When  intelligence 
enters  largely  we  can  understand  why  the  price  should  be  high.  At 
page  252 1  have  gathered  together  a  few  facts  on  the  price  of  energ)% 
such  as  every  practical  man  ought  to  keep  in  his  head. 

Work  done  by  a  steam  engine  where  coal  is  cheap  is  almost 

cheaper  than  by  any  other  agent.     We  can  hardly  compare  this  with 

the  cost  of  energy  from  a  turbine  unless  we  assume  the  waterfall  as 

given  for  nothing,  so  that  the  cost  of  energy  will  only  depend  upon 

interest  and  depreciation  on  the  cost  of  the  machinery  and  wages 

for  attendance.     A  good  modem  engine  of  about  1,000  horse-power 

wiating  under  a  constant  load  night  and  day,  gives  one  horse-power 

for  about  a  farthing  per  hour,  or  about  £9  per  year,  in  a  country 

district  where  land,  coal,  and  wages  are  cheap.     This  price  is  greatly 

increased  as  the  engine  is  smaller  and  as  the  load  is  less  constant,  so 

that  small  steam  engines  in  towns  are  more  expensive  than  small 

spas  engines,  whose  power  including  all  charges  may  be  put  at  Id.  per 

hour  per  horse-power,  being  only  half  this  when  the  engines  are  of 

about  100  horse-power.    For  small  powers,  ga.s  engines  or  oil  engines 

we  particularly  to  be  recommended,  principally  because  they  may  be 

Nj  readily  started  and  stopped  and  require  so  little  attention. 

A  horse-power  is  equivalent  to  746  watts. 

A  not  unusual  charge  of  an  electric  company  is  Bd.  per  Boanl 
of  Trade  unit.  A  Boanl  of  Trade  unit  is  1,000  watts  for  one  hour, 
or  \\  horse- power  for  one  hour;  that  is,  the  cost  is  3Jr/.  jmt  elc;ctriral 
hurse-j>ower  hour.  This  great  charge  is  mainly  du<?  to  th(;  fact  that 
the  output  of  an  electric  station  fluctuates  vary  gro^tly.  Tho  plant  is 
there  all  the  time,  sufficient  in  size  for  th^*  inaxiriiuni  cK- nijind,  and 
Vet  for  twenty  hours  out  of  the  twentv-four  tlnn-  is  a  (humiul  for 
vm'  little  power.  It  is  for  the  same  reasrm  that  tlu*  (Ufst  of  a  hors^- 
pf»w*.r  hour  from  an  hydraulic  comyjany  is  2d.  to  4//.  It  is  t\u'.  gnat 
(Nmiporative  cheapness  of  power  from  w«fll-<k^ignMl  *«t<ani  cu^uu^ 
which  is  most  prominent  in  all  calculations  that  w<-  mak*- ;  f>*>wrr 
from  Cital  is  500  times  as  cheap  as  [k>w«  r  from  th«-  l><sr  riianual 
labour  and  it  is  in  cons4f|uence  of  thi-  fa^t  that  th^n-  ha-  lx#ri 
Mich  an  enormous   development    of   manutartun-    in    th*:   ia-t   l.V) 

vt-ars. 

4.  When  did  man  begin  to  utilize-  th^-  #n'r;(i'  -  o<  Natiin-.  otfi*  r 
than  his  fixid,  in  the  production  of  m*-'  h an:^^*!  [i'/^t  '  'J  h*  ^a/h'  *t 
dwellers  in  mountains  must  sun-ly  hav*-  u-^^1  th*-  j^/t^  ntial  ^  fi<  r;/y  //< 
lifted  rocks  when  their  fcje«  men-  fjm\hu\^:ui\y  pla/'^l  uTt^Untf-n^U  tU"n*, 
Did  even  the  eariy  Eforptian*  uv*  either  »iri*J  or  i»at/rr  i^/»<  r  '  'l'h*y 
(rofattbly  let  the  wiod  propel  hxuaW  ImMo.    Th^;  ualit^ry  itu^ift*^  ntA 
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Bhips  of  the  Greeks  and  Romans,  wonderful  contrivances,  were  actuated 
by  men  and  animals.  It  is  true  that  Hero  of  Alexandria,  120  B.a, 
used  steam  to  turn  a  re-action  wheel,  and  the  Egyptian  priests  used 
the  pressure  of  vapours  in  performing  their  mysteries,  and  there  was 
some  knowltnlgo  of  the  [iressure  and  heat  properties  of  Buids,  but  it 
was  not  till  the  tifbeenth  contury  that  we  began  to  use  Nature's 
stores  of  energy.  The  yew  bow  of  England  stored  sufficient  enei^gy 
to  cause  an  arrow  to  penetrate  light  armour.  The  cross  bow  stored 
much  more  energy,  and  knighta  could  no  longer  safely  attack  the 
rank  and  tile  of  an  army.  But  the  tirst  heat  engine,  a  gas  engine 
using  gunpowder,  a  gun,  may  be  said  to  begin  the  history  of  our 
subject.  Here  tho  useful  energy  produced  from  heat  is  the  kinetic 
energy  of  a  projectile.  We  have 
no  more  efficient  heat  engine  for 
obtaining  ordinary  mechanical 
power  than  were  even  the  first 
tbmu  of  gan*.  If  we  could 
only  convert  kinetic  energy  easily 
into  the  other  mechanical  forms 
of  energy,  we  should  probably 
return  to  the  gun  form. 

O.  But  for  a  student  of  our 
subject  who  isabeginner.itsmar* 
history  is  pruluibly  one  of  the  very 
worst  of  studies.  The  student 
of  history  fails  to  notice  that 
traffic  has  always  steadily  in- 
creased on  common  roads,  and 
that  although  railway  traffic 
umy  steadily  increase  it  may 
bi-como  less  important  again  than  the  road  traffic,  and  he  doee 
not  notice  how  the  value  of  a  thing  di-pends  on  many  other 
things.  Hero  (120  B.c.)  described  a  steam  turbine,  Fig.  1;  Branca 
(ltJ29  A.D.),  hil  steam  by  a  pipe  from  a  boiler  to  impinge  on  the 
vanes  of  a  wheel  to  drive  it,  Fig.  '2-  These  inventions  are  looked 
\i\K>n  with  giMMbnaturiHl  contempt  by  the  uuin  who  speaks  of  the 
gradual  improvem<'nt't  of  the  .steam  engine  through  Solomon  de  Cans, 
and  that  unfortunate  viitiui  of  a  worlhle.-w  king,  the  Marquis  of 
WorcesU.'r,  a-n  well  iw  thniugh  the  pumping  engines  of  Savery,  Xew- 
comen  and  Watt,  Great  improvement  there  certainly  has  been,  but 
Its  to  its  exact  nature  I  should  jirefer  the  judgment  of  the  man  who 
studies  carefully  the  latent  form  of  the  steam  engine,  and  gets  to  know 
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I  before  he  indulges  in  the  luxury  of  a  study  of  history. 
As  he  reads  the  historj'  he  will  note  that  the  Duturi?  of  what  was 
caIImI  imprattvunt  dcpenik-d  upon  the  environments  of  engineers,  and 
that  these  used  to  be  very  different  from  what  they  are  now.  He 
will  note,  for  exKiiiiile,  that  the  moat  complete  drawings  of  the  best 
rnodem  steatD  engine  would  have  been  worthless  one  hundred  and 
lifty  years  ago.  Why,  some  of  the  oldest  steam  boilers  had  shells  of 
sicnu  with  metal  plates  between  the  fire  and  water :  then  through 
copper  and  cast-iron  they  gradually  became  of  riveted  wrought  iron 
or  »t«el,  the  improvement  not  being  in  our  conception  of  a  boiler,  but 
in  toobaod  methods  of  manufacture      I^et  U3  rcmeaibor  that  even 


wns  jubilant  if  his  cylinder  was  not  more  than  |  of  an  inch 
in  its  borc.^  It  is  for  tho  understanding  engineer  one 
H  mo«t  instnictive  I.ssi.ih  tn  gn  through  the  historical  collection 
Hulrk  m  the  Sotttb  Keniington  Museum  ;  for  the  young  student 
jr  not  by  any  meaas  be  a  goixl  lesson.  The  instructed  man  will 
elhat  the  modoni  type  of  engine  may  be  the  result  of  gradual 
iDvempnt  on  the  old  Wiitt  pumping  engine,  but  it  is  just  possible 
it  has  retained  certain  characteristics  of  the  old  pumping  engine 
unncct.-ssarv'  and  hurtful,  anfl  which  would  certainly  not  be 

mi  a  cylio'tcr  the  limits  of  error  now  alluwin]  hy  Moun.  WiU&oi  »nd 
a  ±,  OiU  of  It  Riilliuiiilr*  <>r  'Ji  ni\\»,  iukI  thmi!  is  Iku  armr  »ll(iit«<l  iii  olh»i' 
xigliix.     Tliv  iiiatric  ayiteui  of  luaMumnent  u  in  uae  hi  IIicm  (xcellenl 
b^JntwlnBiiiin  liakgivaa  no  tieobU  wluOwMVMk 
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visible  if  it  had  developed  from  another  primitive  form.  In  the 
seventeenth  century  there  was  one  work  to  be  done  of  enormous 
importance,  requiring  much  power.  There  was  a  great  evil,  a  new 
evil.  Had  it  been  an  old  evil  it  would  have  been  let  alone.  Mines 
were  being  sunk  deeper  than  ever  they  had  been  before ;  thousands 
of  horees  had  constantly  to  be  employed  to  keep  them  free  from 
water.  Here  was  the  new  evil ;  everybody  saw  the  need  for  great 
power,  nobody  wanted  power  for  anything  else.  Hence  the  pampiDg 
engine  was  developed,  and  it  was  only  when  it  showed  its  power  to 
do  other  things  as  well  as  pump,  that  men  ventured  to  prophesy 

**  Soon  BhaU  thy  arm,  uncoiKiuorcd  steam,  afar 
Drag  the  slow  barge,  or  drive  the  rapid  car." 

It  is  useless  to  consider  what  would  have  happened  if  it  had  been 
absolutely  necessary  to  drive  great  factories  in  the  time  of  Branca 
Why !  the  very  engine  of  Branca,  almost  without  improvement,  has 
lately  been  brought  into  use,  and  already  competes  in  economy  with 
the  very  best  steam  engines  of  e(]ual  power.  There  is  a  great 
deal  of  virtue  in  a  revolving  wheel.  It  may  go  at  great  speed,  and 
yet  not  shake  the  framework  which  supports  it,  even  when  this 
framework  is  light.  The  very  earliest  engine,  that  of  Hero,  was 
really  a  revolving  wheel,  a  reaction  turbine,  and  as  I  write  this 
[April,  1897]  I  have  received  a  letter  from  a  friend  in  Newcastle 
to  sjiy  he  had  just  been  out  on  the  new  Parsons'  turbine  steam  boat 
and  that  it  proves  to  be  the  very  fastest  bcuxt  that  has  ever  gone 
through  the  water,  although  only  100  feet  long.  And  furthermore, 
at  much  smaller  speeds,  the  very  best  other  boiits  vibrate  so  much 
that  a  man  in  the  stern  can  hanlly  keep  himself  upright,  even  when 
holding  on  hard,  when^as  at  its  highest  sj)eed  the  Turbinia  has  no 
vibration.     See  Fig.  5(). 

6.  The  English  railway  carriage  was  a  developed  stage-coach, and 
consequently  even  at  the  present  day  many  of  these  carriages  have 
shapes,  ornamentation  and  uncomfortable  arrangements  of  their 
space,  which  look  ridiculous  to  a  j)ers(>n  ignorant  of  the  history 
of  their  gradual  development.  Use  and  wouv  have  made  us  fond 
of  them,  and  in  argument  we  defend  their  every  defect  as  if  it  were 
really  a  virtue.  The  original  steam  boiler  was  shaped  like  a  domestic 
copper  or  kettle,  and  remained  so  even  when  Hues  were  used  ;  when 
fitted  to  steamers  it  took  the  shape  of  the  steamer,  but  it  was  still 
merely  a  superior  sort  of  kettle,  and  although  the  value  of  high  pressure 
was  kno>\ii,high  pressures  were  not  used,  because  they  would  require 
boilers  radically  different  in  shape.     Even  now  the  locomotive  boiler 
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isasnearlj  of  the  shape  used  in  Stephenson's  Rocket,  as  it  can  be 
kept :  it  is  quite  absurd  to  think  that  this  shape  would  be  chosen  by 
an  unprejudiced  engineer  (if  such  a  person  could  be  found)  if  he  were 
asked  to  design  the  most  suitable  form  of  boiler  for  its  purpose.  I 
have,  perhaps,  no  right  in  such  a  book  as  this  to  ask  how  long  it  will 
be  before  the  locomotive  boiler  is  made  so  that  it  will  not  contain 
more  steam  and  w^ater  than  are  sufficient  for  a  few  minutes*  work  of 
the  engine,  but  it  seems  to  me  that  at  present  one  half  of  all  the 
valuable  properties  of  an  engine  are  sacrificed  to  a  dislike  for  radical 
change. 

Throughout  applied  physics  we  find  this  consenratiTe  tendency. 
In  so  fer  as  it  makes  us  cautious  and  afmid  to  adopt  new-fangled  and 
untried  notions,  it  is  useful  and  good  ;  there  is  safety  and  certainty  in 
a  well-known  thing,  whose  defects  are  well-known,  and  have  already 
been  guarded  against.  It  is  only  excessive  and  persistent  shrinking  from 
aD  alteration  that  I  condemn.  When  I  was  an  apprentice  I  was 
taught  that  there  was  something  almost  sacred  in  the  necessity  for 
beams  and  parallel  motions  in  the  best  steam  engines  ;  they  were 
merely  the  lineal  descendants  of  the  beams  of  Xewcomen's  engines, 
and  had  no  more  to  do  with  the  real  efficiency  or  good  working  of  the 
engines  than  the  two  hind  buttons  are  to  the  fit  or  fastening  or 
besiuty  of  a  frock  coat.  These  buttons  are  the  lineal  descendants 
of  the  buttons  that  used  to  fasten  back  the  coat  flaps  of  our  ancestors. 

7.  When  Ala<ldin  first  discovered  the  power  at  his  command  it  is 
remarkable  how  conservative  he  was  in  his  notions.  He  made  the 
irenius  bring  him  silver  dishes,  because  he  started  in  the  silver  dish 
lintr,  and  there  is  one  of  the  most  interesting  of  lessons  in  the  fact 
that  although  each  of  his  silver  dishes  was  worth  sixty  pieces  of  gold, 
he  sold  each  of  them  for  one  piece  of  gold  over  and  over  again. 
Aladdin's  imagination  had  to  be  stirred  by  a  violent  emotion  before 
he  could  make  the  genius  work  in  other  ways  for  him.  Even  at  his 
best  I  believe  that  Aliuldin  never  took  full  fulvantage  of  the  power 
"f  the  wonderful  lamp.  His  finest  palace  was  probably  just  an 
••rdinar}'  house,  ma<le  very  large  and  stuck  over  with  precious  st<»nes, 
AS  vulgar  as  Milan  Cathedral.  The  engineer,  far  more  than  Aladdin, 
n*^s  to  have  his  imagination  developed,  because  Aladdin's  power 
•as  unlimited,  whereas,  great  as  the  stores  cjf  Nature  are,  they  are 
not  all  for  the  engineer  to  develop.  It  is  possible  that  future  scien- 
tific men  may  discover  some  way  of  developing  them,  but  so  far  as 
we  can  see  there  is  no  great  store  of  energy  available  for  man  which 
is  in  any  way  comparable  with  coal. 

For  the  last  twenty  years  I  have  lifted  up  my  voice  occasionally 
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in  the  heanng  of  a  not  unbelieving  but  a  half-hearted  generation, 
to  warn  men  of  the  time  to  come,  when  their  great  stores  of  energy 
urill  be  exhausted.  The  chancery  law  of  England  is  destroying 
invention  in  all  but  small  details ;  but  if  I  am  right  in  my  beliefe, 
it  would  be  worth  while  for  our  government  to  hand  over  a  few 
millions  of  money  to  its  best  scientific  men,  telling  them  to  squander 
it  in  all  sorts  of  experiments,  in  an  intense  search  for  some  method 
by  which  instead  of  only  from  one-twelfth  to  one-hundredth  of  the 
energy  of  coal  being  utilised,  nine-tenths  of  it  might  be  utilised.  If  I 
am  right,  almost  all  the  social  and  political  questions  which  excite  us 
now  will  be  of  small  importance  on  the  future  of  the  human  race,  for 
the  wild  competition  of  nations  and  people  for  luxuries  must  gradually 
during  the  next  four  hundred  years  become  a  struggle  for  mere 
existence. 

8.  Eighteen  hundred  years  ago  Rome  had  numerous  well-to-do 
citizens,  and  was  surrounded  with  comfortable  villas ;  but  throughout 
the  Roman  Empire  the  well-to-do  citizens  were  very  few  in  com- 
parison with  their  poor  dependants  or  slaves.  To-day,  every  town  in 
England  is  becoming  surrounded  with  comfortable  villas;  millions 
of  people  live  in  comfort,  hundreds  of  thousands  lead  luxurious  Uvea 
But  this  is  not  only  the  case  in  England  :  throughout  France,  Ger- 
many, Italy,  America,  indeed  all  over  the  world,  we  find  signs  of 
enormous  increase  in  numbers  of  a  class  of  people  who  are  well 
bi'yond  the  necessity  of  working  for  their  living — people  who  are, 
we  hojK?,  developing  art  and  literature,  and  the  moral  instincts  of 
the  nations,  because  they  are  beyond  sordid  cares.  The  phenomenon 
is  ])eculiar  to  our  own  time.  It  was  never  known  before  in  the 
history  of  the  world.  We  also  see  the  general  population  of  the 
world  increasing  at  an  astonishing  rate,  and  the  proportion  of  people 
who  may  be  called  poor  is  not  only  less  than  it  ever  was  before,  but 
is  exceedingly  less.  All  the  waste  places  of  the  earth  are  beginning 
to  blossom.  Irrigation  has  changed  the  yellow  sand  of  North  Texas 
and  New  Mexico  and  Arizona,  of  New  South  Wales  and  South 
Australia  and  Queensland,  to  green  verdure,  and  they  are  filling  up 
with  i)eople.  Much  of  this  is,  we  may  hope,  permanent ;  but  in  so 
far  as  it  depends  upon  outside  demand  for  agricultural  produce,  it 
will  die.  It  would  not  be  fair  to  say  that  the  whole  phenomenon  is 
due  to  the  steam  engine.  I  take  it  that  when  a  nation  or  group  of 
nations  is  let  alone  from  outside  influence,  the  growth  of  its  wealth 
increases  by  what  we  call  the  compound  interest  law,  or  rolling  snow- 
ImiII  law — increased  wealth  produces  love  for  settled  government,  and 
settled  government  leads  to  increased  wealth.     But  this  suddeo 
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ilerekpinent  is  surely  greatly  due  to  the  steam  engine.  The  poorest 
vuman  can  easily  buy  clothing  material  and  other  goods  that  used 
to  come  on  camels'  backs  in  small  quantities  from  the  looms  of 
India  {or  the  ornamentation  and  delectation  of  emperors  and  their 
nobles  only.  Quite  common  men  live  now  in  houses  furnished  with 
luDiries  of  which  no  potentate  of  the  Middle  Ages  could  dream. 

I  think  it  to  be  evident  that  very  much  the  greater  part  of  all 
that  goes  to  make  up  our  ciTiUsation  is  directly  or  indirectly  to  be 
tfieed  to  our  utilisation  of  coal,  and  it  is  just  as  evident  that 
when  our  stores  of  coal  get  exhausted  the  greater  part  of  all  this 
wealth  and  evidence  of  civilisation  must  disappear.  The  world  will 
not  be  left,  in  its  old  state.  The  old  state  was  like  that  of  an  earnest 
|iu(jr  young  man  with  great  hopes,  the  new  state  will  be  that  of  the 
>'pendthnft,  whose  fortune  has  gone  but  whose  expensive  habits  re- 
main. Then  will  come  the  time  of  great  struggle  for  Niagara  by  all 
ihf  civilised  nations  of  the  earth ;  the  water  power  of  the  West  of 
Irifland  will  form  a  new  centre  of  civilisation,  as  will  the  hills  of 
Switzerland  and  all  places  of  high  tide  round  the  coasts  of  the  world. 
Then  will  be  the  time  when  men  will  try  to  utilise  the  stores  of 
energy  which  now  seem  to  be  insignificant  or  hopelessly  out  of  our 
reach :  the  direct  radiation  from  the  sun  or  the  internal  heat  of  the 
t^arth, 

I  am  sure  that  the  mind  of  no  engineer  ought  ever  to  be  quite  free 
from  this  incubus — that  we  are  wasting  our  coal  with  enonnous 
rapidity:  that  a  heat  engine  is  essentially  uneconomical.  But  this 
binjk  is  altogether  about  heat  engines,  and  when  in  future  I  shall 
-{leak  uf  the  economy  of  a  steam  engine,  I  shall  comjiare  it — not  with 
that  of  the  perfect  engine  about  which  we  know  so  much,  but  of 
which  not  one  cheap  specimen  has  yet  been  made,  and  not  even  with 
iht'  most  perfect  heat  engine  imaginable — but  with  the  perfect  steam 
vn^ne, 

I  am  about  to  speak  of  the  steam  engine  as  it  is — not  even  as  I 
hojuf  and  imagine  that  it  may  becouie  before  it  finally  disap})ears. 
I  shall  speak  of  our  best  engines  which  act  by  reciprocating  motion 
with  cylinders  and  pistons,  and  in  much  the  same  sort  of  way  whether 
wt*  see  them  of  many  thousands  of  horse-jxjwer,  driving  our  largest 
and  fleet«it  ships,  or  whether  they  are  of  the  smallest  size,  driving 
a  few  printing  presses. 

9.  There  is  one  jMirt  of  my  subject  which  must  be  left  out :  I 
shall  speak  in  Chap.  XXIX.  of  the  balancing  of  engines,  but  I 
shall  not  be  able  to  say  much  about  the  effects  of  want  of  balance. 
The  study  of  the  steam  engine  is  really  a  branch  of  applied  mechanics 
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and  of  heat.  The  study  of  vibration  is  also  a  branch  of  applied 
mechanics,  but  it  is  such  a  different  branch  that  it  goes  usuallj 
under  another  name — sound  or  acoustics ;  its  special  study  in 
regard  to  steam  engine  effects  is  so  little  advanced  that  I  shall  do 
my  best  to  avoid  mentioning  it  in  the  body  of  my  book.  In  fact,  I 
must  content  myself  with  the  following  general  observations  on  the 
subject. 

In  Great  Britain  an  annoying  defect  may  remain  unreformed  for 
a  century,  but  let  it  be  called  a  nuisance  by  a  chancery  court  and 
reform  is  very  rapid.  Large  steam  engines  are  now  working  in 
towns — not  merely  in  the  slums,  but  in  the  districts  inhabited  by 
rich  people.  We  are  first  told  that  really  we  must  produce  no 
smoke,  and  instantly  we  use  mechanical  stokers  or  better  gratea 
and  flues,  and  we  refrain  from  forcing  the  fires,  and  get  rid  of  smoke 
although  for  a  hundred  years  every  engineer  has  declared  the  thing 
impossible.  There  is  a  vast  difieronco  between  being  asked  tc 
try  to  get  rid  of  a  nuisance  and  being  told  by  the  policeman  that  we 
must  stop  working  if  we  create  a  nuisance.  We  find  it  necessary  to 
use  non-condensing  engines  in  towns  because  condensation  water  u 
expensive;  and  of  course  our  blast  pipe  becomes  an  organ-pipe 
nuisance ;  we  find  that  all  window  frames  within  half  a  mile  are 
really  microphones — we  have  remedied  this  defect  of  our  engines 
because  the  only  alternative  was  to  stop  working. 

There  is  a  defect  that  is  put  up  with  in  locomotives  and  in  ship* 
which  is  ever  so  much  worse  in  a  large  town,  and  it  has  been  declared 
to  be  a  nuisance.  Consecjuently  every  young  station  engineer  has 
already  acquired  an  astonishing  amount  of  cunning  in  diagnosing  i1 
and  mitigating  its  effects.  It  is  the  vibration  produced  by  recipro- 
cating engines.  Of  course  the  only  real  remedy  is  the  use  of  a  stean 
or  gas  turbine,  sure  to  be  applied  in  the  long  run  ;  but  capital  haj 
given  momentum  in  the  direction  of  reciprocating  engine  manu- 
facture, and  a  complete  change  towards  turbine  manufacture  must  be 
slow. 

Now,  in  the  old  days  of  slow  moving  engines,  the  vibrations  due  t< 
masses  moving  with  accelerations  were  not  important.  The  vibrator) 
forces  are  quadnipled  when  the  speeds  are  doubled,  and  compact 
engines  must  run  at  high  sj)eeds  :  hence  our  troubles. 

We  notice  that  rotating  masses  may  be  j)erfectly  balancec 
quite  easily.  But  it  is  a  very  different  thing  with  reciprocating 
masses :  to  balance  them  needs  careful  study,  and  in  many  cases  i1 
seems  almost  impossible.  I  have  stood  on  the  frames,  or  rested  m) 
teeth  against  a  pencil  touching  the  frames   of  the  best  balancec 
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eogines  now  in  the  market,  and  could  not  detect  any  vibration ;  and 
ret  when  two,  three,  or  more  such  engines  are  working  in  one  station, 
their  slight  effects  coalesce  and  there  may  be  very  considerable 
vibration  of  the  ground.  Indeed,  it  may  be  considerable  in  one  part 
of  the  station  and  hardly  noticeable  in  another  part.  Again,  I  have 
eiamined  sets  of  flats  in  a  large  mansion  near  a  central  station,  using 
my  "  tromometer,"  which  is  very  sensitive  ;  I  have  gone  from  room 
to  room,  getting  small  indications  of  motion,  and  I  have  found  that 
one  room  was  in  considerable  vibration  when  its  surrounding  neigh- 
boars  were  quite  quiet. 

The  student  of  acoustics  does  not  need  to  be  told  that  this  room 
was  really  accidentally  tuned  to  the  vibration,  and  just  as  one  string 
c^ a  pianoforte  will  respond  to  a  suitable  faint  note,  just  as  a  ship 
wiU  roll  dangerously  if  the  waves  are  in  tune  with  it,  so  this  room 
responds  to  the  fiadnt  impulses  produced  by  distant  engines. 

A  householder  lays  his  complaint :  the  flowers  on  his  dining-table 
are  quivering  always;  the  glass  and  metal  ornaments  are  always 
rattling.  The  cuiming  young  station  engineer  comes  to  inspect  the 
quivering  room ;  he  says  nothing  at  first ;  he  goes  about  observing, 
touching,  listening,  and  he  finds  some  opportunity  of  slyly  moving 
the  heav)-  piano.  No,  he  declares,  he  feels  no  vibration.  Curiously 
(noogh,  the  complainer  also  feels  none,  nor  perhaps  is  he  likely  to  do 
so  until  he  moves  that  piano  exactly  into  the  same  spot  again.^ 

When  vibrator}'  impulses  act  upon  a  thing,  we  speak  of  its  forced 
vibration  and  also  of  the  natural  vibration  which  it  has  of  its  own. 
Its  forced  vibration  will  be  small  or  great,  depending  upon  whether 
the  frequency  of  the  forced  vibration  is  far  different  from  or  is  nearly 
«?4ual  to  the  natural  frequency. 

Young  engineers,  spurred  by  necessity — the  mother  of  all  reform 
—know  a  great  deal :  they  would  know  ever  so  much  more  if  they 
tstudied  acoustics  a  little,  and  more  particularly  if  they  studied  the 
simpler  parts  of  the  mathematics  of  vibration.  The  engineer  who 
w  a  good  mathematician  will  study  Lord  Rayleigh  s  Theoi^  of  Sound. 
I  believe  that  a  study  of  my  own  books  The  Calculus  for  Engineers 
and  Applied  Mechanics  will  give  to  the  observant  young  engineer  the 
»rt  of  mathematical  knowledge  that  he  wants,  and  he  will  be  fairly 
well  fitted  to  fight  the  new  nuisance  if  he  adds  a  knowledge  of  some 
<och  book  as  Tyndall's  Sound, 

*  It  it  interesting  to  study  the  Wbrations  induced  in  a  rough  mo<lel  of  a  ship  sus- 
pnded  by  springs  by  model  engines  placed  on  it  in  various  positions.  We  ought  to 
be  able  to  WIstk^  the  engines  more  or  less,  and  to  change  their  set^uence.  The 
of  sjmchitMUiin  of  the  engine  periods  and  the  natural  vibration  of  the  ship,  the 
id  the  nodal  points,  &c.,  can  only  be  studied  in  this  way. 
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When  the  pitching,  rocking,  and  tugging  vibrations  of  a  locomo- 
:i7f;  paflfi  along  a  train,  nobody  complains;  everybody  feels  that  dis- 
^imfort  is  part  of  what  he  has  paid  for.  The  railway  shareholders 
Day  a  larger  coal  bill,  and  find  it  impossible  to  exceed  certain  speeds, 
that  Ls  alL  When  for  every  instant  during  the  twenty-four  hours. 
^/oe'ft  Atate  room  on  a  passenger  steamer  is  shaking,  not  merely  on 
.icr9>ant  of  the  racing  of  the  screw,  but  on  account  of  the  badly 
rAlarice^l  engines,  as  no  chancery  court  has  declared  the  thing  a 
nuisance,  we  expect  to  find  this  vibration  on  every  ship  that  floats. 
fV'fore  the  time  of  Charles  the  Second  people  did  not  know  how 
fiii^^rable  they  ought  to  feel  with  unlighted  streets ;  and  folk  who 
Jive  with  pigs  in  mud   cabins  are  proverbially   oblivious   of  their 

10«  Having  now  vented  all  my  anger  upon  the  defects  of  the 
Mtr^am  engine,  it  becomes  my  business  to  incite  students  to  the  study 
of  it. 

It  iH  my  intention  to  make  this  elementary  account  of  our  subject 
one  which  will  be  really  useful  to  the  practical  engineer.  But  I  warn 
my  rfta^ler  that  he  must  do  some  work ;  he  must  try  to  get  exact 
id^;aH.  It  is  all  very  well  for  men  and  women  who  trifle  with  a 
Miihject  and  call  it  study,  to  frankly  skip  the  dry  part  (or  worse,  to 
fir#-.t^*nd  to  understand  it),  but  the  practical  engineer  knows  that  his 
ulfjM  ifiuftt  b<*come  exact,  he  must  be  able  to  make  calculaticmi. 
ffJH  lif^!  in  a  war  with  Nature;  he  wants  to  coerce  Nature  in  all 
^ort.M  r,f  wayw.  The  careful  training  in  calculation,  what  is  it  but  a 
-charrK'fiirig  of  oii<?'s  w(iap()ns  ?  I  suppose  that  in  the  old  days  it  was 
nifh'r  a  nuiHfUK'<*  to  have  to  mend  ones  armour,  to  sharpen  ones 
^\vf,r(\,  tn  iiuuil  t-h(^  spring  of  ones  cross-bow.  Preparatory  work  of 
hn  kind  rniiMt  always  have  been  a  bore;  but  the  man  who  neg- 
.fft.t'/\  it  i((tl  knock(Kl  on  the  head.  I  must  therefore  ask  the  student 
o  w'rvk  'ittfulWy  through  the  examples  in  arithmetical  and  graphical 
/»rri|»Mt:if  M.fi  on  iiM'clmnical  and  heat  energy  and  to  begin  these  at 
.r,//        Ti,^   innrt'  dittlcult  exercises  are  in  smaller  type. 

\Afhf\    I'K)!      On  one  stjuare   foot  of  Egypt  the  heat  eneig)' 

,,    ■  A  .n  oTH     v'Mr  from  the  sun  is  about  10^  foot-pounds  or  500 

.'    '     ,,.,,.        W/    now  ^vl   1   actual   H.P.  for  20  1b.  total  weight  of 

,  ,,.    rin/l    lioijcr.  and  for  such  a  special  use  as  that  of  & 

J  ^  .  y      V  ,,,,'     ""   might  K<^t  it  for  8  lb.] 


CHAPTER  II. 

THE  COMMONEST  FORM  OF  STEAM  ENGINE. 

11.  It  is  difficult  at  first  to  take  in  the  idea  that  fluids  act  on 
tie  solid  bodies  which  they  touch,  with  great  force.  The  atmosphere 
throagh  which  we  move  so  easily,  presses  with  a  force  of  15  Ib.^  on 
eveiy  square  inch  of  our  bodies ;  but  there  is  a  balancing  pressure 
ftwn  the  inside  of  our  bodies,  and  so  we  do  not  feel  the  pressure  as  a 
load  A  boy  who  experiments  with  a  sucker,  and  who  uses  more 
adentifie  methods  of  exhausting  the  air  from  a  space,  so  that  the 
{KesBore  due  to  the  outside  atmosphere  becomes  more  evident  in 
Tarioos  wa3rs,  will  gradually  get  to  know  something  about  the 
prwore  of  fluids.  Lectures  and  reading  teach  almost  nothing 
onless  we  also  see  and  make  experiments. 

I  have  sometimes  closed  a  very  small  strong  vessel  with  water  in 
it,  put  it  over  a  gas  flame,  and  stood  at  a  distance  to  watch,  or  rather, 
t*>  hear  it  explode,  when  the  pressure  of  the  steam  became  great 
enough.  It  is  said  that  the  great  force  which  steam  may  exert 
became  known  to  Watt  through  the  behaviour  of  his  mother  s  kettle. 
I  doubt  this.  Steam  escapes  too  easily  from  a  kettle.  Even  neglected 
boilers  fail  to  explode  in  ninety-five  cases  out  of  one  hundred,  because 
even  carefully  riveted  joints  give  way  and  leak  rapidly. 

When  water  is  boiled  in  a  kettle,  its  temperature  is  always 
about  100**  C.  (or  212°  F.),  because  it  is  under  atmospheric  pressure. 
Giving  more  heat  to  the  water  does  not  raise  its  temperature,  it 
only  causes  some  more  water  to  boil  away.  Up  a  mountain  its 
temperature  is  less,  because  the  atmospheric  pressure  is  less;  and 

'  Really  14*7  lb.  ptr  square  inch,  or  2,116  lb.  per  scjuare  foot,  i.s  what  we  take  to  be 
the  tUodard  preasure  of  our  atmosphere.  The  real  pressure  of  the  atmosphere  varies 
from  day  to  day. 
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the    lowered    temperature    of  boiling   water    is    often    noted    bj 
travellers  as  indicating  the  height  of  a  mountain. 

When  we  use  a  strong  kettle  or  boiler  which  is  closed  up,  we  may 
get  very  much  higher  temperatures  and  pressures.  When  we  know 
the  temperature  we  know  the  pressure.  Students  will  do  well  to 
try  this  for  themselves  in  the  way  described  in  Art.  179.  Boilers 
(see  Chap.  XL)  are  so  constructed  that  (1)  they  may  be  able  to  with- 
stand the  very  great  pressures  usually  employed ;  *  (2)  large  quan- 
tities of  coal  may  be  rapidly  and  completely  burnt  in  them,  its  heat 
being,  to  as  great  an  extent  as  possible,  given  to  the  water.  We  par- 
ticularly want  from  a  boiler  steam  which  is  dry;  it  must  contain 
as  little  water  as  possible  (a  cloud  consists  of  drops  of  water,  so  does 
the  visible  stuff  which  has  come  from  the  si)out  of  a  kettle ;  we  want 
our  steam  to  be  transparent,  to  have  no  condensed  steam  present). 
There  are  drops  of  water  in  the  steam  of  the  boiler,  because  of  the 
spray  due  to  the  violent  ebullition  which  is  always  going  on  ;*  this  we 
call "  priming,'*  and  by  careful  ways  of  taking  the  steam  into  the  steam- 
pipe,  we  greatly  get  rid  of  it.  Again,  unless  the  steam-pipe  from 
the  boiler  to  the  engine  is  well  covered  with  a  non-conducting 
covering,  some  steam  will  condense.  The  electric  companies  by 
better  clothing  their  steam-pipes  have  grt^atly  diminished  their  coal 
consumption.  We  often  give  the  condensed  steam  a  chance  of 
settling  bypassing  it  through  a  separator  (Figs.  8  and  4) ;  but  do  what 
we  will,  we  find  that  the  steam  reaching  the  engine  contains  some 
water.  The  steam  supply  to  the  engine  is  controlled  by  the  stop  or 
regulation  valve,  the  hand  wheel  of  which  may  be  turned  by  the 
engine  driver.  There  is  also  in  many  engines  a  throttle  valve,  which 
is  kept  closing  or  opening  more  or  less  by  the*  governor  of  the  engine. 
The  governor  admits  more  steam  if  the  engine  is  going  too  slowly, 
and  closes  off  the  steam  a  little  if  the  engine  is  going  too  quickly. 

^lany  of  the  small  engines  on  boanl  ship  are  supplied  with  steam 
from  the  main  boiler  through  reilucing  valves.  Steam  from  the 
Belleville  boiler  is  always  supplied  to  engin<»s  after  a  reduction  of 
about  GO  lbs.  per  square  inch  in  pressure  by  a  reducing  valve  to  dry  it. 

*  PreHsures  of '2.'>0lUs.  to  tho  fu^uarc  inch  arc  not  yet  connnon,  but  pressurefl  of  "200 
ill  compound  an<l  triple  oxpannion  engines  are  <|uite  common.  Kvcn  prensureH  so 
k^ruut  OH  165  have  long  l>een  connnon  in  hn'omotivcs,  and  vet  in  thcHc  there  is  nsually 
no  compounding.  iSinglo  expAnsiim  engines  Meldom  u^4e  a  higher  presmire  than  110  lbs. 
per  mpiare  inch. 

'*'  A  iK)und  of  low-preK.Hure  Hlcam  is  of  very  great  volume  com])are<l  with  a  pound  of 
higlipn^ssure  Rteam  ;  hence  violent  ebullition  and  priming  are  more  usually  found 
in  low-preMAure  lK>ilerH.  But  it  is  for  this  very  reason  that  artificial  help  to  tho 
circulation  is  more  neetlcd  in  high-pressui*e  boilers 
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pwADj;  Ihtwigh  Takes,  steam  \oses  pf^ssure,  because  uf  friclion, 
t  has  a  tvndtiiicy  li»  become  drier.     This    tendency  to  super- 
is  Dcil  verj'  great,  however,  under  ordinary  circumstances.     In- 
i)f  n.'Iying  upon  throttling,  it 
bettor  To  k<t  a  port  of  Ihe 
i-pipv  be   kitpt    heated,  either 
hot    fumaw  gn^'A  nr  by  a 
-daj  furnace.     Ld  Don-ouudm&iiig 


otiUDao  ataaM  tt«p«  ma  iii  buA  Uw  ■■ 


_  -■.  hi-n*  we  do  not  tulnd   if  air  and  trfhcr  ga»es  get  mixed 

-itraoi,  it    is  Wtttrr    Ut   bavu   a   gas  jet   burning    iiisido 

;-{iipe.   being  supplied  ntth  lur  and   gm  under  pressure. 

Whm  hy  any  nti.'MW  We  not  <ui1y  reioove  all  water  from  thn  steam, 

hni  miae  the  stuam  to  a  bigbor  tvinpemture  Aill,  we  Wf  that  it  is   . 


Slany  mon  have  tho  tuftion  that  if  one  part  in  ten  of  tbe  Muff  | 
'  >  ¥ra[«r,  it  unJjr  iu«mi»  a  lost  effect  of  j 
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10  per  cent.  This  is  very  yrrong.  He  might  as  well  say  that  if  one 
man  among  ten  sailors  entering  a  ship  has  cholera,  it  only  means  a 
loss  of  the  labour  of  one  man  in  ten.  The  fact  is,  the  condensaticm 
and  consequent  waste  going  on  in  a  steam  engine  cylinder  would  hardly 
have  a  chance  of  beginning  if  the  entering  steam  were  dry.  The 
formation  of  a  skin  of  water  on  the  metal  inside  the  cylinder  is  of 
enormous  importance  in  causing  more  steam  to  condense  there,  and 
so  destroying  the  efficiency  of  the  steam  engine  (see  Chap.  XXXV.), 
Anyhow,  it  is  very  important  that  the  supply  of  steam  to  an  engine 
should  be  dry,  and  even  that  it  should  be  more  than  just  dry,  that  is, 
superheated.  It  will  be  noticed  also  in  all  the  figures  of  the  best 
cylinders  in  this  book  that  not  only  are  they  well  covered  Mrith  non- 
conducting felt  and  wood,  but  there  is  also  a  well-drained  steam 
jacket.  This  jacket  communicates  freely  with  the  boiler,  and  it 
gives  so  much  heat  to  the  outside  of  the  cylinder  that  no  skin  of 
water  is  likely  to  form  itself  on  the  inside  surface.  In  three-cylinder 
engines  all  the  cylinders  and  receivers  are  jacketed ;  the  student  will 
see  that  if  all  the  jacket  steam  comes  from  the  boiler,  the  low 
pressure  cylinders  have  a  better  chance  of  keeping  dry  than  the 
high  pressure. 

I  feel  sure  that  it  is  very  important  to  show  a  beginner  by  direct 
experiment  how  great  may  be  the  force  exerted  by  steam.  Various 
experiments  may  be  suggested.  If  there  is  an  experimental  boiler  in 
the  laboratory  with  a  large  safety  valve,  loaded  with  a  dead  weight, 
(as  in  Fig.  181),  or  even  by  a  weight  acting  through  a  lever  (as  in 
Fig.  182),  the  student  may  get  to  know  of  these  great  forces  by 
noting  the  force  required  to  keep  a  valve  closed.  I  have  sometimes 
used  a  piece  of  apjmratus  like  a  small  Bull  engine  (Fig.  21),  lifting 
a  weight. 

12.  Ordinary  Steam  Engine. — Steam  engines  have  been  of 
many  forms,  but  the  simplest,  the  direct-acting  form,  has  survived  the 
others.  Forty  years  ago  this  sort  of  engine  was  thought  unsuitable 
where  economy  of  energy  was  important.  It  was  used  in  locomotives 
because  it  was  simple  in  construction,  and  not  liable  to  get  out  of 
order.  It  was  getting  to  be  used  in  ships,  partly  for  the  same 
reason,  but  mainly  because  it  occupied  less  sjiace  than  the  then 
preferable  beam  engines,  with  their  parallel  motions  and  other  com- 
plicate<l  contrivances  for  lessening  frictional  and  other  losses.  But 
when  a  large  factory  engine  was  required,  nolxxly  dreiimt  of  using  a 
direct-acting  engine.  Lsiter  when,  at  length,  it  was  recognised  that 
then?  were  far  more  serious  losses  in  engines  than  those  .saved  by 
parallel  motions,  direct-acting  engines  were  used  even  in  factoriee^ 
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bat  valve  motions  worked  by  tappets  or  corliss  or  other  complicated 
gears  were  used  Mrith  them,  and  the  locomotive  type  of  engine  was 
still  scornfully  thought  to  be  suited  only  for  very  small  powers. 
Now-a-days  it  is  recognised  that  the  simple  construction  of  the  loco- 
motive engine  and  the  simple  locomotive  slide  valve  motion  may  be 
employed  in  the  very  largest  engines,  where  we  aim  at  the  very 
highest  economy,  and  hence  it  is  that  the  old  despised  type  of 
f»*fl<«^  is  not  only  the  easiest  to  describe,  but  the  most  important  for 
students  to  understand. 

13.  Fig.  5  shows  a  small  stationary  engine,  whose  cast-iron 
CfUnder  A  B  is  closed  at  the  ends  by  castings  E  and  F  bolted  on. 
It  has  no  steam  jacket,  and  the  lagging  of  felt  and  wood  which 
is  used  for  clothing  it  and  keeping  it  warm  is  not  shown.  This 
cvliiKier  is  very  carefully  bored  out  to  be  exactly  circular  in  section. 
We  are  so  particular  about  this  that  if  a  large  cylinder  is  to  lie 
horizontally,  we  bore  it  in  the  horizontal  position,  and  if  it  is  to  be 
vertical,  we  bore  it  in  the  vertical  position.  The  boring  of  a  large 
crlinder  in  the  shops  ought  to  be  observed  by  a  student,  who  must 
note  not  only  the  mechanical  arrangement  of  cylinder  and  boring 
har,  but  also  the  speed  of  cut  and  the  rates  of  feed  both  in  roughing 
aixl  finishing. 

The  shapes  of  some  cylinders  are  shown  in  other  figurea 
There  are  two  flat  openings  or  ports  at  the  ends,  hanlly  visible 
in  the  figure,  through  which  steam  may  be  achiiitted  or  exhausted. 
In  our  engine  the  steam  exhausts  or  rushes  off  when  released, 
Vj  the  atmosphere,  bt^cause  Figs.  5  or  15  is  evidently  what  is  called 
a  non-omdensing  engine.  In  a  condensing  engine  the  exhaust 
i"  to  a  condenser,  a  vessel  kept  in  a  cold  and  nearly  vacuous 
c*.»n(lition.  In  many  cylinders  there  is  only  one  ix>rt  for  each  end, 
§*«  C  and  C  in  Fig.  5,  whereas  in  others,  such  as  Fig.  28,  the 
j^team  is  admitted  and  exhausted  from  each  end  by  separate  ports, 
call»<l  the  admission  and  the  exhaust  ports.  This  is  much  better, 
W-aiLse  the  exhaust  steam  is  much  lower  in  teinj)erature  than  the 
^nt^.'ring  steam,  and  the  enti»ring  steam  tends  to  condense  on  the 
surface  metal  of  these  pass^iges,  a  much  nion*  serious  matter  than 
It  may  seem  to  be.  Wh«at  we  call  the  valve  motion  is  simply  the 
♦^jnirivance  which  automaticallv  admits  steam  into  the  cvlinder 
•*  one  or  the  other  side  of  the  piston  at  ])roj)er  times,  allowing 
it  to  escape  at  proj)er  times.  In  Fig.  5  no  valve  motion  is  shown 
The  student  must  a.s.sume  that  there  is  a  boiler  which  generates 
high  {iressure  steam  as  fast  as  it  is  needed,  and  that  this  steam 
i*  bn>ught  through  a  supply  pipe  to  the  steam  chest  or  valve  chest, 
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cast-iioQ  packing  rings  are  shown  upon  it     These  split  rings  are 
spmnc^  into  grooves  in  the  block,  and  are  alwa^^s  trj-ing  to  get  larger 
and  press  gently  outwards  all  round  against  the  cylinder  s  surface  so 
as  to  create  as  little  friction  as  possible,  and  yet  to  remain  steam- 
tight.     In  Fig.  28  there  are  three  rings,  and  it  will  be  seen  that* 
what  with  their  nice  fitting  in  the  grooves,  and  the  places  of  split 
being  far  apart,  steam  has  difficulty  in  getting  past  the  piston.     In 
large  pistons  like  Fig.  6,  the  springiness  of  the  rings  is  not  alone 
relied  upon.     Notice  the  various  ways  that  are  t^ken  by  different 
makers  to  produce  the  necessary  steam-tightness  without  too  much 
friction.*     In  spite  of  all  efforts  even  in  the  most  elaborate  construc- 
tion of  pLstons,  such  as  are  shown  in  Figs.  6,  28,  29,  &c.,  there  can 
be  no  doubt  that  considerable  leakage  takes  place.     If  the  engine  is 
held  fast  in  a  particular  position,  and  if  high-pressure  steam  is  ad- 
mitted to  one  end  and  the  other  is  open  to  the  exhaust,  there  is  such 
good  packing  of  the  piston  in  good  engines  that  the  leakage  is  so 
small  as  to  be  very  diflScuIt  to  measure  ;  but  unfortunately  there  can 
be  no  doubt  of  a  pretty  considerable  leakage  past  the  piston  when  it 
^  in  motion.     It  seems  that  the  leak  is  a  leak  of  water ;  the  steam 
condenses,  comes  past  the  piston  as  water,  and  eva}K>rates  on  the 
other  side,  and  this  state  of  things  is  mainly  due  to  the  ])iston  in  its 
motion  passing  over  parts  of  the  cylinder  metal  which  are  sometimes 
hot,  sometimes  cold. 

The  student  will  notice  that  there  are  many  shapes  of  piston. 
The  conical  shape  of  body  of  Fig.  6  is  adopted  for  largi?  pistons  as 
being  thought  better  for  strength  and  lightness.  Later  on  it  will  hv. 
K*n  that  lightness  is  a  very  necessary  quality  in  th(»  moving  parts 
of  t-ngines.  As  to  the  strength,  let  the  student  think  of  the  gn^at 
fonx-s  due  to  steam  acting  on  a  piston.  Even  a  locomotive  piston 
surh  as  Fig.  59  is  often  18  inches  in  diameter.  Consider  one  only 
1-  inches  m  diameter.  Let  the  pressure  on  th(i  side  to  which  steam 
bailmitted  be  only  100  lbs.  per  squanj  inch  in  excess  of  what  is  im 
the  exhaust  side.  The  total  resultant  force  in  the  direction  of 
motion  of  the  piston  is  100  lbs.  x  the  area  of  a  circle  12  irurhes 
diameter,  or  100  X  112,  or  11,200  lbs.  A  total  force  of  5  tons! 
A  student  who  has  experimented  with  a  mo<lel  of  the  Bull  engine 
shown  m  Fig.  21,  may  perhaps  understand  how  gn»at  such  a  force 
is  and  the  significance  of  its  greatness,  and  yet  our  pi.ston  is  small 

'  I  hare  prorecl  in  mj  book  on  Applied  M echanicn,  that  the  iiniial  tncthor]  of  con* 
■tnctioQ  of  piitoa  ringi  it  quite  wrong.  The  ring  ought  U}  he  cat,  cUmpe<]  smaller, 
Md  ia  this  oooditkm  turned  to  the  size  of  the  cylinder,  and  if  to  made  it  will  pri 
ttiiQnnljr  all  roond,  not  otberwije. 
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and  the  steam  pressure  moderate.  I  have  known  men  who  could  lift 
400  lbs.  with  two  hands.  I  can  readily  lift  a  man  (with  both 
hands)  whose  weight  is  150  lbs.  Think  of  a  force  which  is  75  times 
as  great  as  this.  And  notice  that  the  steam  will  exert  it  even 
when  the  piston  moves  very  rapidly,  if  the  boiler  will  only  generate 
steam  fast  enough  and  if  the  pipes  and  opening  into  the  cylinder 
are  large  enough.  The  piston  rod  E  is  veiy  firmly  fastened  to 
the  ])iston.  The  nature  of  this  fastening  will  be  gathered  from 
Figs.  6  and  36.  Every  one  knows  how  apt  some  part  of  one's 
bicycle  used  to  get  loose  in  spite  of  the  gix?at  experience  of  manu- 
facturers. Have  you  ever  been  troubled  with  a  shoe-tie  getting  loose? 
I  have  been  tormented  with  the  tying  of  the  load  of  a  packhorse 
getting  loose.  All  kinds  of  lock-nuts,  and  locking  arrangements 
have  been  invented  because  a  fastening  is  so  apt  to  get  loose,  even 
when  the  load  on  it  is  not  great,  if  the  load  keeps  altering.  Now 
the  fastening  of  the  piston  and  its  rod  has  to  stand  pushes  and  pulls 
each  of  5  tons,  altering  twice  or  many  more  times  ever}'  second, 
sometimes  as  in  marine  engines  for  months,  and  it  must  not  get 
loose.  Th(?refore  you  must  treat  with  great  respect  the  style  of 
fastening  which  has  been  found  to  stand  such  trials.  Figs.  6  and 
36  show  some  kinds  of  fastening  which  are  foimd  to  last  well.^ 

In  mast  cases  before  the  piston  has  travelled  over  the  whole 
stroke  the  admission  of  steam  is  stopped ;  the  steam  already  admitted 
must  expand  and  its  pressure  gets  less  than  it  was  originally  ;  but 
there  is  nothing  very  wrong  just  now  in  supposing  that  the  steam  is 
admitted  freely  at  100  lbs.  pressure  to  the  end  of  the  stroke.  At  or 
a  little  before  the  end  of  the  stroke  it  is  allowed  to  escape  to  the 
exhaust,  and  high  pressure  steam  is  admitted  on  the  B  side  of  the 
piston,  and  consequently  there  is  a  force  of  5  tons  (leaving  the  small 
area  of  the  piston  rod  out  of  the  calculation)  forcing  the  piston  back 
again. 

^  Britisli  engineers  deserve  their  great  success.  Their  work  is  tested  not  merely 
by  an  appearance  of  goodness  such  as  a  fraudulent  plumber  is  quite  able  to  give  to 
the  worst  of  jobs,  itood  work  is  the  result  of  honest  earnest  effort,  maxh  at  has 
never  before  l>een  exercised  in  any  profession  in  the  whole  history  of  the  world. 
Users  of  the  Willans  engines  tell  me  that  they  wiU  run  for  many  months  oootina- 
ously  with  no  other  care  than  proper  lubrication.  Mr.  Crompton  UAd  me  this 
morning  (July,  1S98),  that  an  engine  had  just  been  opened  at  Kensington  for  the  first 
time  after  a  21  months'  run  (during  lighting  hours),  and  it  was  found  not  only  to  need 
no  renewal  of  any  part,  but  no  sign  of  wear  could  be  detected  anywhere,  and  the 
engine  was  started  without  anything  l)eing  done  to  it.  Surely  this  reputation  of 
finglish  engineering  is  worth  maintaining.  It  may  be  in  the  power  of  foreigners  to 
obtain  more  orders  for  ships  and  engines,  but  it  is  our  boast  that  when  work  i» 
ordered  it  is  well  done. 


at  U>*  naHl  nlllug. 


2i  THE   STEAM   ENGINE  chap. 

15.  ConsidGr  then  this  force  of  5  tons  alternately  pushing  snd 
pulling  the  piston  rod,  changing  100  or  possibly  400  times  per  minute, 
the  whole  ntass  of  piston  and  rod  st«rUng,  getting  up  speed,  stopping, 
and  coming  back  again  in  the  same 
fashion  with  great  rapidity,  and  you  will 
see  why  it  is  that  we  have  a  very  power- 
ful agent  to  deal  with.  The  piston  must 
be  strong,  its  fastening  to  the  piston 
rod  must  be  strong,  and  the  rod  itself  must 
be  strong.  The  rod  passes  steam  tight 
through  the  cylinder  end  F,  because  of 
the  stenni  tight  packing  of  the  stuffing 
box  and  gland  G.  In  smalt  engines  tilt 
^'  '"t'^Zt'r^^>"uL"'  ""'■"'  rtnlBnBr  box  as  Fig  7  is  filled  with  rope 
yam,  or  asbestos  rope,  which  the  studs 
an<l  nuts  of  the  gland  G  keep  squeezing  so  that  it  prt-sses  gently 
out  against  the  rod.  Sometimes  in  such  n  case  a  very  thin  sheet 
of  bnuss  or  copper  is  between  the  ]Nicking  and  the  rod,  and  this 
keejis  the  rod  polished. 

In  the  figures  we  see  in  how  many  different  ways  different 
manufacturers  pack  their  stuffing  boxes.  Thus,  for  example,  in  Fig.  9 
we  have  one  form  of  metallic  packing  used  in  vcrj'  large  marine 
engines.  HIT  are  half  rings  of  white  metal  squeeze<l  between 
bronze  rings  J,  a  number  of  springs  in  the  fratne  A'  at  the  end  main- 
taining the  pre3.<sure.  The  white  metal  is  squeezed  against  the  rod 
A  keeping  it  steam  tight.  The  gland  F  is  forced  by  four  studs  and 
nuts  UU  to  compress  ordinary  packing  of  aslx'stos  in  the  stuffing  box 
FO,  and  that  these  may  never  be  tightened  u|i  imequally,  each  nut 
has  a  spur  pinion  as  jmrt  of  it,  gearing  on  a  central  spur  ring ;  turn- 
ing one  nut  means  turning  all  four.  F,  G,  and  the  bush  at  the  inside 
are  bronze.  Ordinary  stuffing  boxes  have  merely  a  brass  neck  bush 
at  one  end  and  the  gland  is  either  of  brass  or  cast-iron,  &ced  with 
briLvH  (see  Fig.  7).  Packing  for  pump  rods,  &c,.  is  of  gasket  (inter- 
wo\'en  strands  of  hemp  and  cotton)  or  an  elastic  core  of  india-rubber 
surrounded  by  canvus.  For  steam  rods  asbestos  rope  ia  generally 
used. 

10.  We  see  then  that  the  piston  rod  is  pushed  and  pulled  alter- 
nately with  great  forces,  and  that  by  means  of  the  connecting  rod  L 
and  the  crank  JUA'  the  t-mnk  shaft  is  kept  nitating.  The  fly-wheel  It 
keyed  tijKin  the  crank  shall  keeps  the  motion  steady.  If  any  student 
has  difficulty  in  seeing  how  the  reciprocating  motion  of  the  piston  rod 
and  cross  head  H  is  converted  into  rotatory  motion  by  a  connecting 
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a  stnmg  pin  connecting  H  and  the  end  of  the  connecting  rod  Sil, 
at  the  other  end  being  the  crank  pin  M,  the  crank  MN  being  fixed 
on  the  revolving  crank  shaft  on  which  the  fly-wheel  R  is  keyed. 
17.  The  nature  of  the  reciprocating  motion  af  H  and  the  piston 
when  M  revolves  nnifonalf 
is  well  known.     It  is  evi- 
dently necesaaij-  for  HM  to 
keep  as  nearly  (Ktnstant  in 
length  as  possible,  and  the 
student  must  ask  himself 
these    questions:     1.    He 
ends   of  the   conneotliig 
rod  must  fit  the  pins  at  H 
and  M  always  nicely,  but 
there  must  be  wear;  how 
are  the  end  fittings  adjusi«d 
so   that    the    distance  be- 
tween the  pins  keeps  con- 
stant ?     2,  The    forcffl  at 
these  pins  alter  quickly  in 
high    speed     engines:    in 
fiict,  blows  may  be  said  to 
take   place ;    how  are  the 
keys,    cotters,    and    olher 
fittings  of    the    ends  pre- 
vented from  shaking  loose '. 
The    figures    tell    this 
storj"      themselves.     Thus 
Fig.     10     shows     half  in 
section  and   half  in  eleva- 
tion the  end  of  a  rod,  fit- 
ting the  steel  crank  pin  A. 
The   gun-metal    "Iwafises" 
or  steps  BC,  are  kept  tighb 
on  the  pin  by  the  key  S 
and  cotter  G.  which  festen 
the   strap  SF  to  the  butti 
E.    This  kind  of  rod  used  to  be  common ;  it  is  not  suited  to  with- 
stand  the   loosening   action   which   occurs    in   modem  high  speed 
engines. 

Now  look  at  Fig.  42  or  the  rod  of  Fig.  11.  whoee  "big  end  "  fit» 
the  crank  pin  and  whose  small  forked  or  "  gudgem  "  end,  with  tmo 
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Inuees  of  gun-metal,  fits  the  cross  head  with  its  slipper  blocks  shown 
in  Fig.  8  upon  the  piston  rod  end.  Notice  how  the  crank  pin 
bnaees,  cylindric  out  and  in,  are  lined  with  white  metal  because  of 
the  ezceasiTe  friction,  and  how  they  may  be  adjusted  by  filing  the 
distance  pieces.  Notice  how  the  cap  and  Jaw  are  fastened  together. 
Ekdta  are  thinned  down  to  have  a  less  section  than  at  the  screw 
thread,  except  where  the  bearing  surfaces  are ;  they  stretch  there- 
ibre  instead  of  fracturing  at  the  thread.  Spare  brasses  are  usually 
curied  on  ships,  so  that  if  heating  has  occurred  and  the  white  metal 
has  *  run"  it  may  be  replaced.  It  is  as  common  to  shrink  the  end  of 
the  rod  upon  the  pin  or  gudgeon,  and  the  head  of  the  piston  rod 
is  foiged,  part  of  the  piston  rod  becoming  a  slipper  slide  whose  base 
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carries  a  gun-metal  slipper  faced  with  white  metal.  A  slide  often 
bas  a  guide  only  on  one  side  of  it.  The  hollow  space  in  the  guide 
has  cold  water  circulating  in  it  for  coolness  in  many  large  marine 
Higioes. 

18.  In  small  engines  we  have  all  sorts  of  frames  and  ^Ides. 
The  &ame,  all  one  casting,  of  which  four  views  arc  shown  in  Fig.  43, 
has  bored  guides  BG.  There  are  two  bearings,  BB,  on  the  frame,  for 
the  crank  shaft,  and  the  fly-wheel  would  be  overhung,  as  shown  in 
Tig.  15.  This  form  may  be  used  vertically  as  a  wall  engine.  Fig.  44 
«how9  the  "  girder- frame  "  of  a  larger  engine  fup  to  pistons  of  12" 
<iiaiaeter)  also  with  bored  guides.  Fig.  47  shows  the  cast  iron  frame 
oft  large  vertical  engine  with  two  flat  guides. 

The  careful  student  will  notice  if  he  examines  old  types  of  engines 
that  an  important  change  has  been  going  on  in  the  arrangement  of 
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metal  in  the  frames  of  engines,  so  that  by  its  mere  inertia  it  shall 
tend  better  to  prevent  vibration  of  the  ground,  and  also  that  the 
whole  frame  shall  act  rather  as  a  tie  rod  or  a  strut  than  as  a  bracket 

19.  The  crank  shaft  N  and  crank  with  the  crank  pin  if,  are 
shown  in  Fig.  5.  The  pedestals  (or  pillow  blocks)  are  very  much  like 
pedestals  of  ordinary  shafting,  except  in  this — the  loads  on  ordinaiy 
shafting  are  usually  merely  vertical  loads.  On  a  crank  shaft  there 
are  horizontal  forces,  due  to  the  pushing  and  pulling  forces  of 
the  connecting  rod,  and  consequently  the  cap  is  not  always  placed 
vertically  above  the  journal. 

In  the  figure  I  show  an  over-hung  crank,  one  bearing  of  the  shaft 
is  on  the  frame,  the  other  detached  from  the  frame  would  be  sup- 
ported beyond  the  fly-wheel.  Fig.  15  shows  a  crank  between  the 
two  bearings,  the  fly-wheel  being  over-hung.  The  reason  why  the 
j>jirt  away  from  the  cmnk  i)in  is  often  made  massive  is  because  a  lop- 
sidtKl  rotating  thing  is  out  of  balance.  Let  a  student  illustrate 
this  for  himself  with  the  following  piece  of  apparatus.  Arrange  a 
disc  of  wood  which  may  be  revolved  at  a  high  s|K3ed,  and  let  there  be 
a  pit»ce  of  lead  fiustened  to  it  somewhere,  so  that  the  centre  of  gravity 
of  the  n)tating  jwirt  is  not  in  the  axis  uf  rotation.  It  will  be  found 
that  the  fnime  and  indeed  the  t^xble  on  which  it  rests,  gets  into  a 
state  of  vibration,  and  it  is  evident  that  this  is  due  to  the  un- 
balanced centrifugal  force  of  the  leml.  Now  ])lace  an  equal  piece  of 
lead  exactly  op])osite  to  the  first,  an<l  just  as  far  away  from  the  axis, 
and  we  find  on  rotating  the  disc  that  there  is  balance.  Such  experi- 
ments as  this  are  very  instructive.  We  can  make  a  small  body 
balance  a  much  larger  one  by  ])lacing  it  further  away  from  the  axis. 
There  is  much  more  than  this  to  be  siiid  about  the  subject  of  bal- 
ancing. A  rotating  mass  is  not  in  balance  unless  its  centre  of 
gravity  is  in  the  axis  of  rotation,  but  this  is  not  always  the  sufficient 
condition  for  balance,  and  students  nmst  refer  to  Chap.  XXIX.  They 
will  there  find  that  rot^iting  masses  may  be  perfectly  balanced; 
that  is,  there  need  be  no  vibmtory  forces  acting  in  the  framework 
of  the  nuichine.  Again,  it  is  found  that  an  engine  like  those  shown 
in  Figs.  5  or  15,  sets  the  engine-bed  and  foundations  and  the 
ground  in  vibration  Ix'cause  of  the  reciprocating  motion  of  some  of 
its  pirts.  It  is  found  that  we  get  a  fair  approximation  to  the  actual 
state  of  things  if  we  sup{M)se  the  piston,  piston  rod,  cross  head,  and 
half  connecting  rod  to  move  with  a  reciprocating  motion  in  the 
centre  line  of  the  engine;  these  I  shall  call  the  reciprocating  part; 
the  forces  on  the  fnimework  due  to  this  can  only  be  balanced  b^ 
another  reciprocating  part  moving  exactly  in  the  opposite  way.    It  is 
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very  seldom  indeed  that  we  find  the  reciprocating  parts  of  an  engine 
balanced,  and  this  is  why  in  certain  parts  of  London  the  electric 
light  companies  have  been  compelled  to  replace  reciprocating  engines 
by  steam  turbines.  A  rotating  part  may  be  made  to  balance  a 
reciprocating  part,  but  this  introduces  reciprocating  forces  in  a 
direction  at  right  angles  to  the  first.  This  is  how  the  endlong 
forces  are  balanced  in  a  locomotive.  There  are  up  and  down  or 
pitching  forces  unbalanced  in  the  best  locomotives,  but  the  endlong 
forces  are  balanced,  and  these  are  more  important  than  the  others, 
because  when  they  are  not  balanced  the  locomotive  tugs  at  the  train 
instead  of  drawing  it  steadily.  A  very  badly-balanced  locomotive 
bums  so  much  more  coal  per  train  mile  that  even  the  ordinary  poor 
sort  of  balancing  is  of  considerable  importance.  The  bad  balancing 
of  the  engines  on  a  torpedo  catcher  or  any  other  modem  swift  vessel 
greatly  aggravates  the  annoyance  due  to  vibrations  produced  in 
other  ways,  as  for  example,  from  the  propeller  (because  it  has  not 
many  blades)  or  from  the  action  of  the  sea  upon  the  hull  of  the  vessel 

'20.  Knocking  or  Backlash. — It  will  be  noticed  that  however 
good  may  be  the  fit  of  a  brass  to  a  pin,  when  the  forces  between  them 
are  suddenly  reversed,  there  is  a  blow  ;  this  is  of  course  greatly  in- 
creased by  bad  fitting,  as  when  brasses  get  wom.  Hence  it  is  worth 
while  sacrificing  other  advantages  if  by  so  doing  we  can  be  certain 
that  the  forces,  however  they  may  vary,  never  change  in  direction ; 
that  is,  if  it  is  invariably  one  side  of  a  brass  which  is  always  acting  on 
its  j)in  or  journal.  It  will  be  seen  in  Art.  65,  that  when  steam  is 
only  allowed  to  act  on  one  side  of  a  piston,  and  if  there  is  plenty  of 
cushioning,  the  piston  rod  may  never  be  required  to  exert  a  pull ;  it 
may  always  be  kept  exerting  a  pushing  force  at  every  part  of  the 
revolution  of  the  engine,  and  it  is  mainly  for  this  reason  that  single- 
acting  engines  are  in  use.  When  a  single-acting  engine  is  vertical 
as  the  Willans  engine  (Art.  236)  for  example,  the  mere  weight  of 
the  moving  part  is  important  in  preventing  backlash.  In  this 
engine,  however,  the  reciprocating  forces  are  so  great  that  ordinary 
cushioning  has  to  be  supplemented  by  an  air-cushion. 

21.  It  is  to  be  noticed  that  we  cannot  be  absolutely  certain  of  the 
length  of  the  connecting  rod ;  also,  other  parts  of  the  engine  alter 
slightly  in  length,  because  of  unequal  expansion  by  heat,  and  hence 
it  is  necessary  to  allow  of  a  little  clearance  at  both  ends  of  the 
cylinder.  The  actual  volume  of  the  clearance,  that  is,  the  volume 
which  must  be  filled  by  fresh  steam  at  the  very  end  of  the  stroke, 
may  sometimes  be  approximated  to  if  we  have  the  working  drawings 
of  the  engine ;  but  I  prefer  to  measure  it  by  placing  the  engine  in 
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the  dead  point  position,  to  fill  up  the  clearance  space  with  water, 
and  then  to  run  off  this  water  and  measure  it. 

22.  It   is    to  be  noticed  that  the  steam  acts  not  only  on  the 

pston,  but  also  on  the  end  of  the  cylinder.     The  cylinder  is  bolted 

to  the  engine-bed,  and  this  is  held  down  to  concrete  or  brick-work 

or  masonry  foundations.     Great  stiffness  is  needed  in  these  parts  to 

withstand  the    effects   of  such  rapidly  reversed  great    forces.      In 

marine  engines  the  power  is  transmitted  by  the  crank  shaft  to  the 

propeller.     In  locomotives  it  is  transmitted  by  the  crank  shaft,  and 

through  the  driving  wheels  to  the  places  where  these  touch  the  rails. 

ThefHction  must  exceed  the  pulling  force,  else  there  will  be  slipping. 

In  factory  engines  the  fly-wheel  is  often  a  great  spur  wheel,  driving 

a  smaller  mortise  spur  wheel.     In  this  case  the  fly-wheel  is  always 

built  up   of  many  parts,   keyed   and   bolted   together,   because   a 

single  casting  so  large  would  not  be  true  enough.     In  the  smaller 

factory  engines  the  fly-wheel  is  used  as  a  drum,  from  whose  rim  the 

power  is  taken  off  by  a  belt  or  by  ropes,  as  shown  in  Figs.  15  or  144. 

Many  special  machines,  such  as  dynamo  electric  machines,  are 

drlTMi  direct ;  the  engine  and  dynamo  are  on  the  same  bed-plate, 

and  the  four  sets  of  brasses  for  the  four  bearings  (two  for  the  engine 

and  two  for  the  dynamo)  are  bored  out  at  one  operation,  great  care 

being  taken  to  get  them  exactly  in  line. 

23.  Fig.  12  shows  a  skeleton  drawing  of  Figs.  5  or  15.     If  a 

student  thinks  for  himself  he  will  see  that  if  P  is  pushed  in  the 

direction  of  the  arrows,  the  cylinder  is   pushed  back.     This  is  why 

the  cylinder  and  the  crank  shaft  must  be  firmly  held  on  one  frame- 

wurk  or  engine-bed.     Of  cours^f  the  bed  were  to  yield  in  its  length 

•juiie  readily,  there  would  be  no  turning  of  the  shaft.    The   skeleton 

drawing  brings  home  to  us  also  the  fact  that  the  end  of  the  piston 

i^  or  cross  head  H  ought  to  be  guided ;    for  the  pushing  force 

of  five  tons  in  P  is  resisted  by  the  push  in  67,  and  it  is  obvious  that 

guides  for  H  are  needed  to  exercise  an  upward  guiding  force,  such 

^"^  Ls  shown  by  the  arrow  head.     The  slide  is  pushed  downward 

<^  the  guide.     Now  let  the  student  make  another  skeleton  drawing 

like  Fig.  13,  which  Ls  merely  what  Fig.  12  becomes  when   the  crank 

La»  made  half  a  revolution  further.     The  piston  rod   is  now  pulling 

the  slide,  and  the  connecting  rod  pulls  the  slide  also  in  its  resistance 

to  motion,   so  that  again  the  force    of  the  guides  on    tht*   sliding 

Nock  L**  upward.     Hence  if  we  are  sure  that  the  direction   of  motion 

8hall  always  be  the  same,  a  closed  slide  with  one  slipper  rubbing  on 

^<te  stout  guide  may  take  the  place  of  the  two  or  four  guide  bars 

which  we  see  in  Figs.  6,  47  or  62.      Just  as  C  pushes  //,  so  it 
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pushes  the  crank  pin  K\  the  push  in  C  multiplied  by  the  perpen- 
dicular distance  from  E  to  HK  is  what  we  call  the  tuming^  momefU 
on  the  crank  shaft. 

24.  It  is  of  very  great  importance  for  a  student  to  study  (not  so 
much  with  mathematical  exactitude  as  to  have  working  notions)  this 
turning  moment  for  every  position  of  the  piston.  It  may  be  done, 
perhaps,  by  making  many  skeleton  drawings ;  but  it  is  far  better  to 
have  a  working  sectional  model  such  as  is  shown  in  Fig.  101.  If 
there  is  a  workshop  available,  a  student  will  very  readily  make  a 
sufficiently  good  model  for  himself  with  a  few  laths  of  wood  and  wood 
screws.  I  myself  have  used  with  students  a  large  model  in  which  the 
distance  from  ^  to  jST  is  6  feet.      It  has  a  connecting  rod  which 
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may  be  lengthened,  the  distance  from  JT  to  -4  also  being  altered; 
the  distance  of  the  piston  F  from  the  end  of  its  stroke  may  be 
measured  with  great  accuracy,  and  also  the  angle  turned  through 
by  the  crank  from  0  0,  its  dead  point  position.  First,  we  study  the 
mechanism,  noting  how  travel  of  piston  and  angle  of  crank  are  related 
to  one  another  (see  Art.  67).  Second,  we  study  the  forces  acting 
in  the  several  parts,  and  particularly  the  turning  moment  on  the 
crank  shaft.  Third,  we  notice  that  the  weight  of  the  conducting  rod 
must  modifv  our  calculations  a  little,  but  not  much.  Fourth,  we 
notice  that  the  forces  must  be  rather  different  at  one  speed  of  rotation 
of  the  shaft  from  what  they  are  at  another,  because  it  requires  force 
to  set  a  body  in  motion,  and  to  stop  it  an  opposite  kind  of  force. 
Notice  the  great  diflFerence  between  this  and  the  previous  efifect  due 
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to  mere  weight  of  connecting  rod.  It  may  be  said  that  all  this  is  a 
mere  matter  of  calculation.  Now  it  is  true  that  we  can  learn  a  great 
deal  by  mere  mathematics,  but  what  we  ofken  learn  is  merely  how  to 
pass  examinations ;  it  is  a  student's  business  to  learn  to  think,  and  he 
maybe  quite  sure  that  he  will  never  really  think  about  or  understand 
the  steam  engine  till  he  has  experimented,  observed,  and  handled 
either  real  parts  of  engines  or  such  a  model  as  I  have  described. 

95.  However  great  the  pushing  or  pulling  force  on  the  piston  or 
connectiDg  rod  may  be,  there  are  two  positions,  the  two  ends  of  the 
stroke,  in  which  there  is  no  turning  moment  on  the  crank  shaft. 
These  are  the  dead  points,  well  known  to  all  ladies  who  work  sewing- 
machines,  and  to  men  who  work  foot  lathes  or  bicycles.  And  the  turn- 
ing moment  varies  greatly  during  a  revolution.  Hence,  to  equalise 
this  and  also  to  make  sure  that  we  can  start  an  engine  from  any 
position  whatsoever,  it  is  usual  to  duplicate  everything,  there  being 
two  engines  working  the  same  shaft,  their  cranks  being  at  right  angles, 
$0  that  when  one  is  at  its  dead  point  the  other  cannot  be  so.  When 
three  cylinders  work  the  same  crank  shaft  their  cranks  usually  make 
angles  of  120**  with  one  another. 

Fig.  62  is  an  example  of  the  coupled  engines  of  a  locomotive, 
the  cranks  being  at  right  angles.  Donkey  engines  used  for  crane 
work  on  board  ship  have  two  cranks  at  right  angles  and  no  fly-wheel, 
so  that  they  may  be  easily  stopped  and  started  from  any  position. 
Any  person  who  watches  such  an  engine  working  must  see  how 
important  is  the  steadying  function  of  the  fly-wheel  of  an  ordinary 
enc^ne.  Engines  in  hydraulic  power  stations  are  often  stopped  and 
start  I'd  automatically  by  the  rising  and  falling  of  the  accumulator 
VHght  acting  on  a  throttle  valve,  and  this  needs  coupled  engines. 
S')me  of  our  figures  show  three  cranks  on  the  same  shaft.  Not  only 
•l'>  wt'  in  these  ways  get  a  more  unifonn  turning  moment  on  our 
shaft,  but  we  find  it  easier  to  balance  the  forces  which  act  on  our 
framing  and  foundations.  This  is  one  reason  why  triple  cylinder 
t-ngines  are  now  so  largely  used,  but  it  is  not  the  most  important 
ttason. 

26.  We  see  that  if  steam  is  in  il ,  Fig.  5,  at  great  pressure  coming 
^m  the  boiler,  and  if  the  steam  h<is  escaped  from  B  to  the  atmo- 
sphere or  to  a  condenser  so  that  the  pressure  in  B  is  small,  the  piston 
i*b».-iiig  pushed  from  left  to  right  and  the  crank  turns  in  the  direction 
"f  tht*  hands  of  a  watch.  The  fly-wheel  has  great  inertia,  and  so  the 
'"Tank  moves  beyond  the  "  dead  jwint "  position.  If  now  steam  is 
a<imitt(*<l  to  the  B  side  of  the  piston  and  exhausts  from  the  A  side, 
ike  piston  is  moved  from  right  to  lefL     We  see  then  that  a  great 
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force  acts  on  the  piston  in  the  direction  of  its  motion  if  steam  is 
properly  admitted  and  exhausted  to  and  from  the  A  and  B  sides 
alternately,  the  crank  moving  uniformly  if  the  fly-wheel  is  large 
enough. 

I  have  said  that  the  pressure  is  calculated  on  the  cross  section  of 
the  cylinder,  and  does  not  depend  upon  the  mere  shape  of  the  sur&ce 

exposed  to  the  steam.    The 

I       I 


student  ought  to  be  quite 
sure  that  this  is  sa  Neg* 
lecting  friction,  due  to 
motion  of  the  fluid  (quite 
negligible  hero),  a  fluid 
presses  at  right  angles 
everywhere  to  any  snrCiee 
as  shown  in  Fig.  14.  But 
it  will  be  found  that  all 
the  lateral  pressures  balance 
one  another,  and  the  result- 
ant   force    on    the    pistcm 


Fio.  14.— Primhrc  on  a  Pistov. 


is  just  the  same  as  if  it  were  quite  flat.  Perhaps  this  will  be  the 
more  evident  if  wc  imagine  the  piston,  say  that  of  Fig.  14,  to  be 
weightless  and  frictionlcss,  and  that  steam  of  the  same  pressure  iB 
admitted  on  both  sides  of  it.  Although  one  of  these  is  flat  and  the 
other  is  not,  we  cannot  imagine  that  the  piston  will  tend  to  mova 
The  proof  is  given  in  books  on  applied  mechanica  See  also 
Art.  113. 

87.  We  have  not  spoken  yet  of  the  effect  of  the  piston  rod.  Let  the 
student  work  these  exercises. 

Exercise  1.  The  absolute  pressure  (pressure  above  that  of  a  perfect  \'acuum 
is  said  to  be  absolute)  in  the  space  A,  Fig.  5,  is  167  lbs.  per  square  inch,  and  the 
absolute  pressure  in  B  is  17  lbs.  per  square  inch ;  the  cylinder  12  inches  in 
diameter  (112  square  inches  in  cross  section),  and  the  piston  rod  is  2\  inches 
in  diameter  (2^  x  2|  x  *7854,  or  4  square  inches  in  cross  section).  What  is  the 
resultant  force  on  the  piston  ? 

Anntptr,  The  force  on  the  A  side  is  112  x  167,  or  18704  lbs.  The  force  from 
the  B  side  is  (112  -  4)  x  17,  or  1836  lbs.  on  the  piston  itself,  and  if  we  take  the 
atmospheric  pressure  outside  to  be  14*7  lbs.  per  square  inch,  as  this  acts  on 
the  piston  rod,  there  is  also  a  force  resisting  the  motion  of  4  x  14 '7,  or  59  Ibs.^ 
so  that  the  resulUnt  force  is  18704  -  1&36  -  59,  or  16809.  Our  rough  and  ready- 
calculation  when  we  neglected  the  area  of  the  piston  rod,  gave  us  16800  lbs.,  and 
so  was  in  error  to  only  a  very  small  extent. 

KxEKTisE  2.  Steam  in  B  is  at  167  ll>8.  per  square  inch,  and  there  is  exhaust 
in  i4  at  17  Umi.  per  square  inch,  take  the  same  sizes  as  before.  Here  the  resisting 
force  on  the  A  side  is  17  x  1 12,  or  1904  lbs.  Steam  in  B  acts  on  the  annular  are* 
112  -  4,  or  108  scjuare  inches,  the  force  being  108  x  167,  or  18036  lbs.,  togeUMT 
with  the  atmospheric  pressure  on  the  piston  rod  of  14*7  x  4,  or  59  lbs.    That  tli# 
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reniltant  force  (rom  ri^t  to  laft  U  16191  11m. 
Notice  thkt  it  ii  the  are*  of  the  putoa  rod 
which  hM  c&uaeil  the  ftbove  rough  Mtd  mdj 
Mliwer  to  be  too  gre>t  by  Dearly  4  per  cent. 
It  is  uaoal  to  n^lect  the  mc*  of  the  pirtoo 
rod  in  euch  calculations. 
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38.  It  is  the  function  of  a  TalTe  ■•■r 

to  admit  and  exhaust  steam  to  and  from 
the  spaces  A  and  £  at  the  proper  instants. 
We  might  imagine  four  valves — one 
admitting  steam  from  the  boiler  to  A, 
another  exhausting  it,  and  a  similar  pair 
to  and  from  JJ.  Thus  in  Fig.  23  there 
are  the  two  steam  valves  A  and  £  which 
admit  steam  from  the  space  F  to  which 
it  comes  from  the  boiler  and  another  two, 
C  and  B,  which  roleaae  steam  to  the  ex- 
haust Hpace  £,  which  communicates  with 
the  atmosphere  or  a  condenser.  The  valves 
arc  cyliodric,  filling  cyliadric  seats,  and 
it  is  the  verj'  effective  but  complicated 
Carlias  gear  which  gives  them  their  proper 
niotiona. 

30.  In  a  very  great  many  enginee  a 

RUd«  valve  is  used  like>SK,Fig8.  ISand 

m,  the  face  of  the  valve  and  its  seat 

Ix'ing  i)lano.     The  eccentric  disc  S  ia 

kuytnl  oil  the  crank  shaft  so  that  the 

stmiw  and  rud  Uli  cause  the  vain  to 

got  a  reciprocating  motion,  a  thing  saqr 

H  I      enough  to  imderstnnd  when  seen,  and  not 

■  I      to  be  easily  understood  without    bdng 

(ftj^  I      set^n.    Fig.  20  shows  in  13  views  the 

'■IB  I      motions  of  the  piston  and  valve.    Steam 

__^4^^^^^         I      i^  mliuittod  to  the  steam  chest  SC  all 

'^H8lP^H|^k         •      rutiml  the  back  of  the  valve,  which  slidee 

■HK^^PVB    ^      Ktmm  tight   on  the  Heat.    In  Fig.   16 

fl^^H^^^^^Q  atcam   ih  rushing  from   SC  through  the 

^^^^^^^V  k-ft-hand  port  to  the  sjiace   to   the  Ivtt 

^^^^^^  of  the  pisttm,  whereas  any  steam  which 

may  exist  in  t'y  is  free  to  escape   by  the  right-hand  port  to  the 

exhaust  passage,  which  is  cast  as  part   of  the  cylinder.     Another 

view,  a  cross  section  of  the  cylinder  and  valve  thnnigh  this  exhaust 
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»gc,  19  ahuwn  in  Fig.  18.     Let  the  studt'nt  examine  and  sketch 

I  Umw  m,  Tvol   valvt>.      I  have  attempted  to  give  an  idea  of  its 

i  io  Fig.  19.     On  the  valve  seat  there  are  three  openings  or 


n,  ntfAtn  Ut  entering  tnaa  t) 


liw  ends  of  pOHiages.  The  narrow  P,  leads  to  one  end  of  the  cylinder, 
IJK  auTour  P,  to  the  other  end.  and  the  broader  middle  one  £  to  the 
eibwHt.  Looking  down  on  the  back  of  the  valve,  Fig.  16,  when  it 
km  aa  its  8w»t,  we  see  how  as  it  moves  it  uncovere  and  covers  up 
lyOD  ibu  porta  i*|  and  J'^  so  that  steam  may  get  into  them  or  get 


cot  off.  aod  tindonieath  thu  vnlvo  wu  see  by  the  section,  Fig.  IH, 
bow  team  reorJics  Ji  from  /*,  or  7*,  when  it  ia  necetiHary  to  exhausfU 
It  will  b«  found  by  Fig.  20,  1  and  2,  if  we  keep  our  eye  on  what 
■  fa  xhv  Kp:ioc  to  th>-  l<'ft  uf  the  piston  P  tlutt  steam  a  5dmitt«d 
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finely  as  the  piston  travels  from  loft  to  right  until  in  3  we  aeo  that  it 
is  cut  off.  Ah  the  pistDn  travels  on  and  no  moro  steam  is  admitted, 
as  the  volume  of  tho  stuani  gets  larf^er,  its  pn^sauro  gatu  K-ss,  and  it 
continues  to  get  less  till  we  have  the  position  shown  iu  (i  or  7. 
Here  the  steam  is  releiucd  and  begins  to  ni»h  away  to  the  exhaust; 
in  8  we  may  imagine  that  even  if  the  time  is  short,  so  much  steam  has 
got  away  that  the  pressure  is  practically  the  same  as  in  the  cshanfl. 
Now  thti  piston  begins  to  turn  back,  to  move  from  right  to  left,  and 
as  it  moves,  the  left-hand  space  is  Ireely  open  tn  the  eihaust,  and  the 
pressurt^i  in  it  is  low  and  rvniaiDS  so  till  wu  get  to  11.  Thu  exhaust 
now  closes,  and  what  is  called  cushioning  begins.    As  the  piston 
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1 


ikt*  the  space  Bmaller,  any  steam  in  this  space  gets  to  have  a 

1 1  hiKhw  pressuro  until,  in  the  position  of  12,  fresh  steam 

■  I   just  before  the   beginning  uf  the   new   stroke,     This 

_:  and  silniission  before-  the  end  of  the  stroke  are  just  as 

In  higb-fipced  engines  in  bringing  the  massive  reciprn- 

-'•m,  iic,,   to  rest,  as  a   thick   feather  be<i   would   be   in 

^  iin«  g(.-tting  hurt  iti  jiiniping  from  a  window, 

30.  Ta  eninra  the  sttldy  of  the  diagrams  of  Fig.  20  let  the 

lent  draw  upon   papier  a  curve  showing  his  notion  of  how  the 

-»nr»   nlti-rH    In   tho   left-hand    space.      If  he  will  measure  the 

'i        f  the  piaton  (any  point  of  it)  from  the  end  of  its  stMke  and 

ii  any  iitstunt,  and  at  the  corresponding  time  try  to  get  a 

:  h'_-  «U»in  pressure  in  the  space,  he  will  sec  that  the  follow- 

",;  ijLiiiitn-rs  ore  about  right.     I   take  the  entering  su^am  to  be  at 

tV  n^M>ilut«  pressure  of  100  lb!<.  p«;r  Mjuaro  inch,  and  the  exhaust 

A^m  at  17  ib()>  pur  square  inch  (aa  if  it  were  a  non-condeofung 
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engine,  the  exhaust  being  a  little  greater  in  pressure  than  the  atmc 

sphere).    If  the  crank  of  an  actual  engine  made  one  turn  in  abou 

two  minutes,  and  if  we  had  a  pressure  gauge  to  show  the  pressure  i 

Ay  we   could   observe   these   pressures.     But   in   truth   they    wer 

measured   in   a   very    different   way   on  an   engine   making    lO 

revolutions  per  minute. 

Students  will  note  for  themselves  how  reasonable  it  is  to  assum 

that  the  pressures  are  fiekirly  correct.     I  take  the  length  of  the  cran. 

to  be  05  feet. 

Forward  Stroke. 
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Back  Stroke. 
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The  student  will  now  plot  x  and  p  as  the  co-ordinates  of  points  or 
squared  paper  to  any  scale  he  pleases,  and  see  what  sort  of  figure  he 
obtains.  He  will  note  that  the  points  of  admission,  cut  off,  release, 
and  compression  may  not  seem  to  be  very  distinctly  marked :  this  is 
because  the  pressures  were  measured  on  a  quick  moving  engine 
whose  valves  closed  comparatively  slowly.  The  best  kinds  of  valve 
gear  close  the  valves  very  quickly.  We  have  an  instrument  called 
an  indicator,  which  draws  such  a  curve  as  this  for  us,  showing  the 
pressure  on  either  side  of  the  piston  for  all  positions  of  the  piston, 
even  when  the  engine  revolves  at  350  revolutions  per  minute;  it 
is  easy  to  understand  that  it  is  of  great  use  to  the  engineer  whose 
slide  valve  and  piston  are  out  of  sight.  For  one  thing,  it  enables 
him  to  see  if  his  valve  is  admitting,  cutting  off,  releasing,  and 
allowing  compression  to  begin  just  at  the  right  periods. 

Notice  in  the  above  that  the  distance  x  does  not  exactly  represent 
the  volume  of  the  steam  to  scale,  because,  even  when  x  is  o  and  the 
piston  is  at  the  end  of  its  stroke,  the  space  has  some  volume  whicl 
we  call  the  clearance.  We  cannot  let  the  piston  come  quite  up  tc 
the  cylinder  end,  and  besides  the  passages  have  some  volume.  We 
try  to  get  the  volume  of  the  clearance  space  as  small  as  possible  (and 
of  as  little  surface  as  possible  because  of  condensation  when  fresh 
steam  is  admitted),  but  in  the  following  approximate  calculation^ 
(chap.  III.)  I  shall  assume  no  clearance. 
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Pia«.  Bl  and  SB  giro  Hotloiu]  fllBTktloD  uid  And  tIaw  ot  t,  petrol  tfmltiA  or  ftxpIodMl  *tifiw  i 
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Pio.  17.— JUkum  Sniim  Fiuhk. 


•~  it>i  nWl^  |MBi|iv  olikti  an  "f  uuii  111.  t:a  •ue, 
-I  <■<  M(B  IMBfK.     IW  nrfMA  n.ndpO»lir  !•  In  Ih--  ■ 


t  ruflniu.  II  n*a  u[iciD  Uii  dilf 
(fufi  iliibin>n  lu  IlKun.  P.  B.  Men 
'fViih  In  Itw  crlUidiT  which  n*i> 


I 


»llh  a  atcvt  iter  1«t  Ib 


THE  C0UU0NE8T  POKM  OF  STEAM  ENGINE 


ll 

1 1" 
I  il 


50 


THE  STEAM  ENQINB 


Fio.  5a— CBOfls  SscnoN  or  Twin  fckRKw  Stkamkr. 
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Fixed  Blades. 


Fixed  Blades. 
hi  Blades. 


Fio.  M— PtmoiCl  AlI.L  Flow  Ste.m  Tr'UBiirx. 
T^ftzlAifluv  turbbkca  of  "  Tlic  TurbLnlA  "  an  of  ftluut  ?,L00  lianc-iKPWcr,  with  4prob«bU«iQHuniitlon 
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of  th*  Bnt  tntUn 

-   -- ,  ud  *nlntoBtlfe< 

thaw  turbUwa  vfalch  an  iMtRiad  to  tb*  i^t,  H  li 
p—f  tb*  itMm  to  rOM^l 


A  prMura  uid  Iji  VEhauatsd.     la  lU  .        .         -     - 

.-fTlns  uniM.  and  lull  behind  hy  thoH  toBuwusIn  thrnui^  fl»d<. 

nulLil  PHWigv  In  lUalr  nmuii  a  paaKtga  tlimush  tnany  turUnsa.  Ttu  ahapw  i 
Bi»TlDff  mua  an  mil  haotm  tii  llis  otudiinC  of  radial  jlow  tuiMnia.  ItonlTliw 
take  up  Cha  and  Umut     Spaod  9,000  muliittiuii  uer  mlmitii. 

Cunwntrio  •!»•«•  on  llie  led  have  oil  rlrvulatliig  b 
is  by  limBBT  ur  ahortor  ffuita  of  iitoaijk  belnif  imi»ulW-      yrom  Pruf.   Ewlng' 
<-  l/-T  K  Tf  W  u  total  tsad  in  lt«,  i«r  h.-iir  and  «  t   "       ........ 

lirlTon  d/iuujio:  tbv  htithmt  R  bofiiit  IS",  mid  Iho  K ^ _  , 

•cpian  Inch  alUhtly  Hiiwrhsatiid.    Tliv  iilr  ruiim  ta"  drlvnu  hya  HtJuiBta  sogliM. 

niL-nla  iiuda(lmHi)  iiri  a  1300  Xlluwall  TiirUiiu  l!I«iru-giiiuratur  Kam  a  souuupUuo  ef  ItPMl 

•t«uii  iHr  KUuwatt  biwr. 
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CHAPTER  III. 

THE  VALUE  OF  EXPANSION. 

3 1 .  Before  studying  carefully  the  various  forms  of  valve  gear 
which  are  in  use,  the  student  must  get  to  know  what  it  ii  that  wt 
want  the  gear  to  effect.  Let  him  imagine  four  cocks,  A^  and  Xi 
to  admit  steam,  and  exhaust  it  on  the  side  A,  Fig.  5,  A^  and  £^  to 
admit  and  exhaust  on  the  side  B,  Imagine  changes  to  occur  slowly, 
so  that  we  may  consider  what  is  occurring  at  our  leisure. 

1.  JB^  closed,  A^  open,  A2  closed,  £^  open,  and  let  us  for  aimplici^ 
call  the  pressure  in  £  zero,  as  if  the  exhaust  were  to  a  perfect 
vacuum.  Let  there  be  steam  pressure  of  100  lbs.  per  square  inch 
in  A ;  cylinder  1  foot  in  diameter,  or  area  of  piston  112  square  inches, 
so  that  the  total  force  on  I)  is  five  tons.  If  I)  moves  through  2  feet 
under  this  force,  the  length  of  the  crank  boing  1  foot,  the  work  done 
upon  D  is  11,200  lbs.  x  2  feet  or  22,400  foot  pounds.  If  we  neglect 
friction  and  loss  of  energy  by  concussion,  &e.,  this  energy  ie  ffiTen 
to  the  crank  ■haft. 

2.  -4,  closed,  Ji\  ojKjn  so  that  all  the  valuable  100  lb.  steam 
rushes  off,  and  the  pressure  in  A  in  0:  £^  closed  A^  open,  so 
that  the  pressure  in  £  is  100.  As  the  piston  moves  over  a 
distance  of  2  feet,  the  work  11.200  x  2,  or  22,400  foot  pounds, 
is  again  done  on  the  piston,  and  communicated  to  the  crank  shaft. 
Hence  in  one  revolution  we  have  44,800  foot  pounds  given  to  the 
cmnk  shaft. 

Now,  some  men  who  know  very  little  of  applied  mechanics  ^  seem 
to  think  that  somehow  the  angularity  of  the  crank  causes  this  work 

^  Muscular  exertion  and  fatigue  occur  when  a  man  merely  Bupporta  a  load  withoni 
doing  work  in  lifting  it  higher.  Any  person  who  confounds  such  fatigue  with  what 
we  call  tcork  in  our  calculations  w  sure  to  get  misleading  notions.  An  iron  oohunii 
may  support  a  load  and  nobody  thinks  that  work  is  being  done. 
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I  be  greatly  wasted.  In  so  fiu:  as  it  causes  friction  and  shocks,  there 
some  losSy  and  the  loss  due  to  friction  and  shocks  is  serious  enough, 
at  this  is  very  diflFerent  fix)m  the  imaginary  loss  of  which  some  men 
xak.  Elxcept  for  Mction,  the  work  done  upon  the  piston  is  all  commu- 
icated  to  the  crank  shaft,  and  is  given  out  by  the  crank  shaft.  The 
ork  done  upon  the  piston  per  minute,  and  therefore  the  horse-power, 
lay  be  calculated  if  we  know  the  pressures  of  the  steam  on  the  two 
ides  of  the  piston  at  every  instant  during  a  revolution  of  the  crank. 
Tus  power  is  called  the  indicated  horse-power,  from  Watt  having 
ivented  an  instrument  called  an  indicator,  to  register  the  pressures, 
"be  power  given  out  by  the  crank  shaft  may  be  measured  by  a  brake 
r  dj-namometer.  The  brake  horse-power  is  generally  about  0*85  of  the 
idicated  power  in  a  good  engine  working  at  its  best  load,  so  we  see 
hat  the  loss  due  to  friction  and  shock  seems  large.  The  loss  of  energy 
J  friction  is  often  great  at  slide  valves.  Observe  that  we  imagine 
ur  engine  to  go  slowly,  the  four  cocks  being  turned  at  the  proper 
HUDts  by  a  boy.  The  indicator  would  tell  whether  the  boy  per- 
onned  his  work  properly.  If  he  failed  to  close  two  and  open 
mother  two  exactly  at  the  end  of  a  stroke,  the  indicator  would  act 
18  a  tell-tale. 

33.  Let  us  suppose  now  that  the  boy  cuts  off  steam  before  the 
[isUmi  gets  to  the  end  of  its  stroke.  There  will  be  less  work  done  on 
die  piston.  But  let  us  see  exactly  what  will  happen.  Suppose  he 
cots  oir  steam  at  half  stroke,  only  allowing  half  the  quantity  of 
rteam  to  be  used.  Notice  that  this  steam  at  100  lbs.  per  square  inch 
tt  not  all  thrown  away  when  cut  off  takes  place,  it  continues  to  act 
on  the  piston,  although  with  less  force.  Its  pressure  per  square 
inch  will  \ary  in  some  such  way  as  this :— 


Travel  of  piston  in  feet  .    . 

0        -5      1 

1 

1-25   1-5   1-75   2  0 

Pressure 

UK)    UK)    UK) 

1 

80      07      o7  '  50 

1 

The  steam  thrown  away  then  is  only  50  lbs. .steam,  and  we  have 
trkfently  had  far  more  work  out  of  our  steam  per  cubic  foot. 

Suppose  the  boy  cuts  off  at  one-third  of  the  stroke,  we  shall 
find  that  the  pressure  falls  in  some  such  way  as  this : — 


Travel  of  piston  in  feet 


I 
0     0-33 .0-67 


Pressure UH)    100 
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Here  we  have  only  admitted  one-third  of  the  quantity  of  steam, 
and  yet  a  fairly  good  force  has  been  acting  on  the  piston  during  the 
whole  stroke,  for  the  steam  thrown  away  at  the  end  still  has  a 
pressure  of  38  lbs.  a  square  inch.  Surely  a  student  must  see  already 
what  it  was  that  Watt  discovered  in  hia  use  of  expansion.  The  thing 
to  study  is  evidently  "  how  much  work  is  done  per  cubic  foot  of 
steam  ? "  Wo  know  that  it  is  greater  as  we  cut  off  earlier ;  but  how 
much  greater  is  it  ? 

33.  If  wo  could  only  toll  in  all  such  cases  as  the  above  what 
is  the  average  pressure  during  the  stroke,  we  should  quickly 
know  what  wo  want.  But  the  student,  who  has  worked  exercises 
like  those  of  Chap.  XV.,  already  knows  how  to  find  the  average 
pressure  in  the  above  cases.  Let  him  take  them  as  exer- 
cises, drawing  curves  to  show  p  the  ])ressuro  for  each  point  of 
the  travel.  Now,  the  average  represents  the  work  done  in  a  stroke, 
because  it  has  only  to  bo  multiplied  by  112  square  inches,  and 
by  2  feet  for  the  answer  to  bo  in  foot  |)ounds.  I  have  done  the 
exercise  myself,  and  I  find  the  following  results : — The  student  must 
do  it  himsolf.  The  volume  of  the  cvlindor  is  2  X  112  -h  144  or  1*58 
cubic  foot. 

1.  No  expansion.  1*56  cubic  foot  of  steam  used  in  one  stroke. 
Average  pressure  100  lbs.  j>or  sipian.*  inch.  Work  done  in  one  stroke 
100  X  112  X  2  =  22,400  foot  i)ountls,  or  14,400  foot  pounds  pCT 
cubic  f«>ot  of  steam. 

2.  Cut  ofi*  at  h.alf  stroke.  0*78  cubic  foot  of  steam  used.  Average 
pressure  85  lbs.  ])ors(]uaro  inch.  Work  done  85  X  112  X  2  =19,040 
foot  pounds,  or  24,400  fi>ot  ])oun(ls  jrt  cubic  foot  of  steam. 

n.  Cut  oft*  at  ono- third  stroke.  0*52  cubic  feet  of  steam  used 
Avonigo  j)re.ssuro  70  Ib.s.  per  s(|uaro  inch.  Work  done  70  x  112  X  2 
=  15,080  f(iM)t  pounds,  or  80,200  foot  ])ounds  per  cubic  foot. 

The  throo  answc»rs  you  havo  obtained  show  then  that  by  cutting 
off  steam  at  half  stroke  wo  get  70  per  cent,  more  effect ;  by  cutting 
off  steam  at  one  thinl  stroke  wo  get  110  j)or  cent  additional  efiect 
to  what  we  get  with  no  ex|mnsion. 

34.  Now,  the  figures  I  have  given  only  illustrate  the  good  effects 
of  exiNinsion.  There  ani  several  n^iusons  why  th(»y  are  to  be  looked  upon 
with  susj)icion.  In  the  first  ]»lace  the  fall  of  pressure  after  cut  off  is 
assunuMl  to  be  aeeonling  to  this  law  ; — irheri  steam  has  double  tki 
volume  it  has  half  the  jtressure,  or  2)rcssurc  X  ndumey  keeps  constant. 

What  right  havo  I  to  a.ssumo  any  such  law  of  fUl  of  preMurs? 
My  right  will  b(;  di.scusscMl  later.  It  is  sufticient  to  say  that  when  a 
steam  engine  cylinder  hiis  a  steam  jacket,  the  pressure   does  Doi 


:ain,  1  took  no  DacJc  preMure.  This  means  that  1  took  an 
'  whose  exhaust  was  a  perfect  vacuum.  Now,  if  the  engine  was  a 
Mmdmudng  engine,  the  back  pressure  would  probably  be  3  lbs. 
laare  inch  ;  subtract  this  therefore,  and  instead  of  the  average 
res,  100,  85,  70,  we  ought  to  take  97,  82,  and  67.  It  is  evident 
liis  will  make  no  great  ditFerence  in  our  notions  of  the  value 
ansioo  ;  but  a  student  ought  to  work  out  the  actual  figures. 
^n,  if  the  engine  is  non-condensing,  it  exhausts  into  the 
phere,  whose  pressure  is  14*7.  Inasmuch  as  the  passages  are  not 
anough  to  allow  infinitely  rapid  escape  of  the  exhaust  steam, 
ist  take  a  back  pressure  greater  than  14*7.  In  practice  we  find 
6"5  in  slow  moving  engines  and  18  in  very  high  speed  engines 
nnioo ;  let  us  therefore  take  17  lbs.  per  square  inch  as  the  usual 
masore  in  non-condensing  engines.  The  average  pressures  in 
»Te  three  cases  now  become  100  —  17,  or  83,  85  —  17,  or  68, 
0  —  17,  or  53  lbs.  per  square  inch.  Let  therefore  a  student 
CNit  the  figures  in  the  following  table. 

be  will  work  out  exactly  in  the  same  way  what  occurs  when 
t  off  at  one-fifth  and  one-tenth  of  the  stroke,  he  can  complete 
Ue  as  I  give  it.  Also  I  have  a  reason  for  giving  the  fourth 
n  of  numbers ;  it  is  this ; — 

S.  Elngineers  are  much  too  apt  to  speak  only  of  indicated 
rand  work.  We  shall  see  presently  that  it  is  very  easy  to 
ne  with  more  or  less  accuracy  the  true  pressure  of  steam  on 
islon  of  an  engine  by  means  of  the  indicator,  and  from  this 
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approximation  we  may  take  the  friction  to  be  represented  by  a  bad 
pressure  of  10  lb.  per  square  inch  on  the  piston,  in  addition  to  the 
real  back  pressure  as  shown  on  an  indicator  diagram.  This  is  what 
I  have  done  in  column  4,  subtracting  27  lbs.  per  square  inch  from  lOfr, 
85,  70,  52,  and  33,  which  are  the  average  pressures  as  computed  on 
the  assumption  of  no  back  pressure. 


No  cut  off 

Cut  off  at  half  stroke 

Cut  off  at  one-third  of  the  stroke 
Cut  off  at  one-fifth  of  the  stroke  . 
Cut  off  at  one- ten  til  of  the  stroke 


pm 


100 
85 

r>2 

33 


Work  dons  psb  Cubic  Foot  of  Stiax. 


I  I  : 

!  Back  pres-  j  Back  prcs* .  Back  pra- 
No  back    |  sure  3  lbs.  |  sure  17  lb«».   sure  27  ib«. 
pressure.  >  per  square    per  sqiiaru    per  square  j 
iiich.      I       inch.  inch,     i 


14400 

13900 

244(H) 

23600 

30200 

28900 

.37300 

35200 

47400 

43100 

1190O 
19500 
22800 
25100 

23000 


10500 
16700 

18500 

18000 

8600 


Column  27in  gives  the  mean  pressure  during  the  stroke,  assum- 
ing no  back  pressure.  From  this  each  back  pressure  must  be  sub- 
tracted, to  get  the  true  average  pressure  which  must  be  multiplied 
by  the  area  of  the  piston  (112  square  inches)  and  the  length  of  the 
stroke  (2  feet).  This  is  the  work  done  by  the  steam  admitted 
When  we  cut  off  at  one-fifth  of  the  stroke,  the  volume  of  steam 
admitted  is  one-fifth  of  the  whole  volume  of  the  cylinder.  The 
volume  of  the  cylinder  is  2  X  112  -r-  144  cubic  feet. 

36.  It  is  often  assumed  that  an  elementary  student  can  under- 
stand quite  easily  all  sorts  of  abstruse  principles  of  thermodynamics 
and  other  parts  of  physics,  wherciis  the  simplest  calculations  of  the 
above  kind  are  looked  upon  as  belonging  to  the  higher  study  of  the 
steam  engine. 

But  this  book  is  written  to  guide  a  teacher  who  wishes  to  make 
his  students  really  think  about  the  fundamental  facts,  and  I  wish 
it  to  be  understood  that  the  average  student  has  no  difficulty 
whatsoever  in  making  the  above  simple  calculations  if  he  knot's 
about  force  and  work;  that  is,  if  he  has  studied  a  little  applied 
mechanics.  When  there  are  a  number  of  students,  let  them  be 
divided  into  sets  of  three  or  four.  One  set  of  men  takes  the  initial 
pressure  of  the  steam  as  50,  the  next  as  100,  the  next  as  150,  the 
next  as  200  lbs.  per  square  inch,  and  instead  of  cutting  oflf  merely  a-* 
one-half,  one-third,  &c.,  there  ought  to  be  cutting  off  at  all  sorts 
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of  other  periods  of  the  stroke,  so  that  all  the  students  may  help  in 
producing  a  table  of  numbers  giving  valuable  information.  I  have 
fband  this  exercise  one  of  enormous  value.  The  drill-sergeant  kind 
•>f  teacher  will  get  possession  of  some  such  very  complete  table,  and 
«4iow  it  to  students  who  have  not  calculated  it.  If  my  system  takes 
root  I  can  imagine  text  books  written,  by  the  mere  reading  of  which  a 
man  will  be  supposed  to  study  the  subject.  He  will  look  at  some 
$ach  elaborate  table;  he  will  even  think  that  he  understands  it 
perfectly,  and  unfortunately  it  will  be  difficult  to  prevent  his  passing 
vritten  examinations.  It  is  truly  wonderful  what  difficult  looking 
qoesticAis  men  may  answer,  and  get  full  marks  for  in  examinations, 
when,  all  the  time,  they  have  no  real  knowledge  of  the  most  elemen- 
tary Cacts  about  the  subject. 

37.  The  student  will  now  examine  his  results.  He  will  see 
that  in: 

L  Condensing  engines.  The  indicated  energy  per  cubic  foot 
of  steam  is  greater  and  greater  with  more  expansion,  as  far  as  the 
above  table  goes.  He  will  notice  also  that  in  every  case  the  con- 
densing engine  has  an  advantage  over  a  non-condensing  engine. 

n.  Non-condensing  enginea  The  indicated  energy  per  cubic 
foot  of  steam  is  greater  when  we  cut  off  at  i  than  when  we  cut  off  at 
iV  of  the  stroke,  and  indeed  there  is  no  great  difference  between 
Hitting  off  at  ^,  i,  or  ^  of  the  stroke. 

IIL  Non-condensing  engines.  The  brake  energy  per  cubic  foot 
•)f  steam  is  not  very  different  for  cutting  off  at  i,  or  J,  or  J  of  the 
stroke,  but  is  decidedly  less  when  we  cut  off  at  -jV  of  the  stroke ;  in 
fact.  l«?s  than  if  we  had  no  expansion. 

IV.  Notice  that  what  I  sav  about  indicated  enercf>'  in  non-con- 
4«ising  must  be  pretty  much  the  same  as  for  brake  energy  in  con- 
•Itfnsing  engines.  Indeed,  taking  14  lbs.  as  the  extra  or  frictional 
hack  pressure  in-a  small  condensing  engine  is  probably  taking  too 
little,  because  the  driving  of  the  air  and  feed  and  circulating  pumj)s 
in  such  an  engine  is  a  large  addition  to  the  resistance. 

When  therefore  the  student  hears  .some  foolish  unpractical 
man  talking  of  the  virtues  of  unlimited  expansion,  let  him  cite  some 
^ch  figures  as  we  have  given  above.  Don't  let  any  one  talk  of  the 
discrepance  of  theor}'  and  practice  when  what  he  calls  his  theory  is 
htsed  on  no  natural  facts.  The  old  Cornish  pumping  engine,  which 
i»  still  found  to  work  satisfactorilv,  seems  not  to  have  ever  cut  off 
eiriier  than  \  of  the  stroke,  and  Watt  himself  usually  cut  off  at  from 
I  to  §  of  the  stroke. 

L  But  it  will  be  found  in  Chapter  XVII.  that  there  are  three 
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other  drawbacks  upon  the  numbers  (like  those  given  in  the  seoond 
column  of  our  table),  often  cited  as  exhibiting  the  virtues  of  gremt 
expansion,  and  these  are  : — 

First  By  greater  expansion  it  may  be  that  we  do  get  greater 
work  per  cubic  foot  of  steam ;  but  we  are  using  a  large  cylinder  (and 
therefore  a  large  engine)  for  comparatively  little  total  power.  Surely 
mere  economy  of  steam  is  not  the  whole  of  the  economy  which  ought 
to  be  studied.  Interest  and  depreciation  on  oott  of  an  •ngtot 
are  important. 

Second.  The  actual  quantity  of  fresh  steam  entering  the  cylinder 
is  greater  than  what  we  stated  above,  because  of  the  ol#anuiOt 
■pace. 

Third.  When  we  cut  oflF  at  i  or  J  of  the  stroke,  the  quantities 
of  steam  use<l  are  really  not  represented  by  J  and  J  of  the  cylindei 
volume.  When  we  have  greater  expansion  our  cylinder  is  colder 
before  steam  is  admitted,  and  a  good  deal  of  the  newly  admitted 
steam  is  condensed  in  heating  up  the  cold  cylinder.  When  therefore 
we  indicate  less  steam  we  are  actually  wasting  more,  and  thus  there 
are  two  reasons  for  the  percentage  loss  being  greater.  As  Watt  knew 
very  well,  this  condeniation  of  iteam  entering  the  cylinder  is  the 
most  serious  trouble  bi'forc  the  maker  of  steam  engines.  It  depends 
upon  the  range  of  temperature  or  the  diflference  in  temperature 
between  admission  and  exhaust  steam  and  upon  the  time  that 
elapses  before  cut  off,  and  its  effect  is  less  at  higher  speeds ;  engines 
going  at  400  revolutions  per  minute  have  only  about  half  the  relative 
condensation  of  engines  going  at  100  revolutions  per  minute.  To 
diminish  the  range  of  temj>erature  it  is  thought  well  to  let  the 
steam  expand  in  two  or  three  cylinders.  Thus  tin  Fig.  65  we 
have  a  triple  cylinder  engine.  The  steam  admitted  to  H^  the  high 
pressure  cylinder  is  at  200  lbs.  per  srjuare  inch,  and  the  exhaust 
is  about  75.  This  exhaust  steam  enters  a  receiver,  A,  a  mere  space 
kept  warm,  as  indeed  the  cylinders  also  are,  by  steam  jackets.  In 
the  most  recent  engines  the  volumes  of  the  connecting  pipes  are 
thought  to  l>e  sufficient  rcceiva*  volumes  as  shown  in  the  figure.  In 
eat*h  receiver  the  pressure  varies  somewhat,  depending  upon  the 
size  of  the  s|Kice.  Steam  leaves  A  and  is  admitted  to  a  second  or 
iiitermiKliate  cvlinder  I  at  70  and  exhausts  from  /at  about  27  lbs. 
|K*r  stjuare  inch  into  another  receiver,  7/.  Steam  leaves  B  and  is 
admitted  to  a  thinl  or  low  pressure  cylinder  Z,  at  25  lbs.  and  exhausts 
to  the  condenser.  One  cubic  foot  of  steam  admitted  to  J7  becomes 
IG  cubic  feet  iK'fore  it  is  released  from  /.  Expansions  of  1  to  20 
are  common  and  the  volumes  of  the  three  cylinders  are  usually 
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1 : 2'7 :  7.  If  this  great  expansion  occurred  in  only  one  cylinder 
it  would  mean  a  very  great  range  of  temperature  of  the  cylinder, 
and  thcfrefore  much  condensation  of  fresh  steam  every  time  of 
•dmismon. 

Any  stadent  who  wishes  at  this  early  stage  to  get  a  rough 
wnmrnkmaMon  to  tlie  effect  of  condensation  in  a  well-arranged 
crliiider,  that  is,  a  steam  jacketed  cylinder  working  under  very  good 
ennditioiis,  at  100  revolutions  per  minute,  will  find  that  if  he  assumes 
that  coodensation  produces  pretty  much  the  same  effect  as  if  we  had 
t  back  pressure  of  10  lb&  per  square  inch,  in  addition  to  the  above- 
iBentioned  back  pressures,  he  will  arrive  at  numerical  results  which 
do  not  badly  represent  the  results  of  experiments.  I  need  hardly  say 
that  this  is  given  as  only  a  very  vague  direction  to  students,  because 
the  oonditions  of  even  well-arranged  jacketed  cylinders  vary  very 
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of  modem  three  cylinder  vortical  engine,  working  three  crauks,  1*20*  apart.    The  pistons, 
of  the  aame  mass. 

m  fnmk  the  boiler  by  S,  and  in  admitted  by  a  pUtton  valve  H  V  t4»  the  ''high  "  cylinder 
hj  the  pipe  A.    ThU  steam  from  A  i«  admitted  by  a  double  p«>rte<l  j«lidc  valve  IV  to 
"  cyliitdcr  I.  exhaiistintf  by  the  piiiu  H.     ThiM  Hteam  fmm  li  is  ;;dmittcd  by  the 
valve  L  V  to  the  "km  '   cylinder  L,  cxhauntinff  by  the  pij-jc  C  to  the  condcnner. 

greatly.  It  will  be  worth  while  for  students  to  complete  the  above 
uMe  by  adding  a  new  column  of  numbers  labelled  "  Back  pressure 
H7  lbs.  per  square  inch,"  as  giving  a  fairly  good  general  notion  of  the 
brake  energy  per  cubic  foot  of  steam,  when  condensation  in  well- 
Arranged  cylinders  is  taken  into  account  in  non-condensing  engines. 

30.  Now  let  a  student  imagine  himself  to  be  the  b<n'  who  is  in 
charge  of  the  four  cocks.  Unless  the  engine  moves  slowly  he  will  be 
^oite  unable  to  open  and  close  the  cocks  exactly  at  the  right  times. 
But  let  ns  consider  what  are  these  right  times. 

He  is  told,  let  us  suppose,  to  cut  off  steam  exactly  at  one-third  of 
the  stroke  Notice  that  he  ought  to  cut  off  with  great  quickneM 
when  the  proper  time  arrives.  Why  ?  Because  it  may  bi?  sho>vri  by 
Gftlcalation  that  he  ought  to  be  admitting  steam  either  at  its  full 
<eam  chest  or  boiler  pressure,  or  not  at  all,  and  if  he  closes  the  cock 
"lowly  the  steam  will  be  tcirc-drawn  as  it  is  called.  It  is  for  the 
aanie  reason  that  the  steam  pipe  and  passages  must  be  wide. 
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Again,  a  boy  of  judgment  would  admit  iteam  just  a  little  before 
the  end  of  the  stroke,  because  his  passages  are  not  infinitely  large ; 
he  would  release  steam  also  before  the  hypothetical  time,  because  at 
the  ver}'  end  of  the  stroke  the  back  pre^ur^  pu^t_to^...^g.^daj^}all  a;^*J 
possible,  and  the  exhaust  passages  are  not  infinitely  large.     It  is  ^ 
exactly  for  this  reason  that  if  a  theatrical  performance  is  to  occur 
exactly  at  7  o'clock  the  doors  must  be  opened  well  before  7,  and  if 
everj'body  is  to  be  out  of  the  theatre  at  11  o'clock  they  must  b^fin 
to  go  well  before  11  o  clock.     And  the  quicker  the  speed  of  the 
engine  the  earlier  must  the  admission  and  release  take  place  and  the  ' 
more  sharply  must  the  boy  cut  off  his  steam.    There  is  much  judg- 
ment required  also  in  regard  to  the  closing  of  the  exhaust.     At    > 
a  certain  ])eriod  in  the  back  stroke  the  steam  is  no  longer  allowed  to 
esca}>e,  the  exhaust  valve  is  closed ;  what  steam   remains   in   the 
cylinder  is  squeezed  smaller  and  smaller,  and  it  therefore  increases  in 
pressure  and  acts  as  a  sort  of  cushion,  which  helps  very  materially 
in  bringing  the  massive  piston  and  other  moving  parts  to  rest,  for  it 
is  to  be  noticed  that  the  piston  is  at  rest  at  the  ends  of  its  stroke 
and  is  moving  very  quickly  in  other  ix>sitions,  and  in  Chapter  XXIX. 
it  will  be  found  that  the  bringing  of  these  parts  to  rest  so  quickly  is  a  j 
serious  tax  upon  the  strength  of  the  fastenings,  &a     Now  a  cushion  / 
of  steam  at  the  end  of  the  back  stroke  is  a  wonderful  help.     Besides, 
if  the  cushion  of  stoani  could  only  be  squeezed  up  to  the  pressure  of 
the  entering  steam,  it  is  to  bo  noticed  that  the  clearance  space  would 
not  cause  the  loss  that  it  usually  causes  in  needing  to  be  filled  with 
fresh  high  pressure  steam. 

If  he  thinks  of  one  side  of  the  piston  only  it  is  quite  enough  tor 
one  boy.  He  must  think  of  doing  four  things  exactly  at  the  proper 
instants,  and  these  four  things  may  be  called  :  Admission  just  before 
the  beginning  of  the  stroke.  Cut  off  to  be  very  quick  and  at  the 
right  instant,  lielease  well  before  the  end  of  the  stroke.  Comprsmiam 
or  cudiioning  to  lx»gin  well  before  the  end  of  the  back  stroke. 

About  IGO  years  ago,  when  the  oldest  Newcomen  pumping  engine 
moved  very  slowly,  boys  did  ))orform  the  proper  operations,  and  there 
is  a  story  told  (it  is  probably  untriie,  but  this  is  of  no  consequence  to 
my  present  purpose)  al)out  a  boy  named  Humphrey  Potter,  who, 
wht'ii  in  charge  of  the  engine-room,  much  desired  to  play  marbles 
uj)on  the  rngine-rooni  floor,  whi(*h  was  well  suited  to  that  interesting 
gsiiiH'.  A  iriend  used  to  come  and  jeer  at  him,  playing  marbles  in 
his  sight.  Thereupon  he  invented  the  first  valve  motion.  His 
mast  IT  olio  day  entered  the  engine-room  and  saw  the  guilefiil 
Humphrey   playing  marbles.     His   first   duty,  that  of  punishing 
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[omphrey,  was  strenuously  performed,  and  only  then  did  he  observe 
lat  the  engine  was  £Etithfully  performing  its  duty  and  that  the 
igenioos  Humphrey  had  so  arranged  certain  sticks  and  strings  that 
lie  valyes  were  opened  and  closed  at  the  proper  periods  by  the 
atomatic  action  of  the  engine.  Ask  not  how  the  inventor  was  re- 
rarded.  Had  he  not  already  had  all  the  reward  that  a  true  inventor 
ver  gets,  the  swelling  emotion  of  seeing  his  invention  a  success  ? 

40«  Voiir  cocks  or  valvei  were  employed  in  the  old  engines, 
iid  they  are  employed  still  in  the  best  stationary  engines  for  this 
eaaoD ;  the  steam  passage  and  valve  ought  not  to  be  the  same  as 
he  exhaust  passage  and  valve,  because  the  sur&ces  are  pretty 
iige,  and  they  are  greatly  heated  by  the  incoming  steam,  and 
Teatly  cooled  by  the  exhaust  steam.  There  ought  therefore  to  be  a 
team  passage  and  steam  valve  for  each  end  of  the  cylinder,  and  also 
in  exhaust  passage  and  an  exhaust  valve  for  each  end  of  the  cylinder, 
f  we  aim  at  greatly  reducing  cylinder  condensation,  and  if  we 
b  not  mind  extra  expense,  and  when  we  use  expensive  Tappet 
wAkms,  and  Corliss  and  other  trip  gears  we  can  perform  the  four 
ipeiations,  admission,  cut  off,  release,  cushioning,  with  great  ac- 
roiBcy  in  the  ways  most  desired. 

One  of  the  most  important  things  to  notice  about  a  four  (mush- 
room) valve  arrangement  is  this,  that  the  leakage  of  ateam  past 
the  valves  musii  be  exceedingly  small  compared  with  what  it  is  past 
&  moving  slide  valve.  It  is  almost  certain  that  much  of  what  is 
ctUed  the  missing  water  in  a  cylinder  using  a  sli(le  valve  is  really 
direct  leakage  past  the  valve  as  well  as  past  the  piston,  and  not 
condensed  water  as  is  usually  supposed. 

41.  I  have  said  that  it  is  sufficient  for  many  purposes  to  say 
that  the  ftiction  of  the  steam  engine  and  also  the  effect  of  con- 
tamtion   and   leakage   may   be  represented  by  a   back  pressure. 
My  justification  for  this  is  given  in  Chap.  XVIL     If  the  student  is 
satL<lied  later,  with  the    correctness  of  these  iissuniptions,  let  him 
Me  the  great   simplicity    which    they    introduce    in    considering . 
»bat  is  the  most  economical  ratio  of  cut  off.     They  are  sufficiently     ; 
•^wrect  for  us  to  say   in  general,  that,  considering    them  as    part    ' 
rf  the  total  back  pressure,  the  best  value  of  /•,  the  total  ratio  of    < 
t^ipansion  is  , 

Initial  pressure  of  st*'am 
Total  back  pressure 

«rf  this  is  true  for  single  or  double  or  triple  e.xjjansiun  engines,  if  r 
is  the  total  ratio  of  expansion. 

o 
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The  more  usual  ways  of  dealing  with  iriction  and  the  niissing 
quantity  will  bo  described  in  Chap.  XVII. 

43.  Important  ezerciie.  The  student  knows  how,  by 
actually  drawing  a  hypothetical  diagram  of  pressure,  to  find  the 
average  or  effective  pressure  p^  during  the  stroke.  Thus  when  cut 
off  is  at  one- third  of  the  stroke  he  found  that  j>m  is  70  per  cent  of 
the  initial  pressure,^  and  ho  subtracts  the  back  pressure  from  this 
to  get  the  average  pressure.  Let  him  work  the  following  exercise 
very  carefully. 

An  engine  whose  piston  is  12  inches  diameter  or  112  square 
inches  in  area,  has  a  crank  1  foot  long.  The  steam  is  always  cut  off 
at  one-third  of  the  stroke.  The  back  pressure  is  17  lbs.  per  square 
inch.  Sometimes  the  boiler  pressure  is  low,  sometimes  it  is  high ; 
take  the  following  as  the  initial  pressures  of  steam  in  the  cylinder, 
140,  120,  100,  80,  GO,  40  lbs.  per  square  inch.  The  engine  goes  at 
100  revolutions  per  minute.  Find  in  every  case  the  hypothetical 
horse-power  /  and  the  weight  W  of  indicated  steam  per  hour. 

The  student  is  still  neglecting  cushioning  and  clearance,  but  be 
is  about  to  obUiin  results  which  are  of  great  practical  use  when 
we  compare  them  with  one  another,  although  they  differ  in  obvious 
ways  from  the  results  of  actual  trials.   The  volume  of  the  cylinder  at 

112 

cut  off  is  ,-^  X  2-^3  or  0*52  cubic  feet.     I  have  taken  from  the 

144 
table.  Art.  180,  the  vohime  u  in  cubic  feet  of  1  lb.  of  each  of  the  kinds 
of  steam  we  here  deal  with,  so  that  we  calculate  easily  the  "tveighi  of 
steam  used  per  stroke,  as  there  are  100  X  2  X  60  strokes  per  hour, 
and  so  we  calculate  W  the  weight  of  steam  per  hour.  The  average 
pressure  multiplied  by  112  x  2  is  the  work  done  in  one  stroke. 
Multiply  by  200  and  divide  by  33,000,  and  we  find  the  horse-power 
done  on  the  piston. 

Now  plot  W  and  /  on  squared  jmper,  and  see  if  you  obtain  such 
a  law  as 

W  =  14-2  /  +  400. 

Our  hypothetical  conditions  are  different  in  many  ways  from  actual 
conditions.  The  most  important  is  that  there  is  great  leakage  pas^ 
a  slide  valve  or  a  piston  when  it  is  in  motion ;  also  there  is  much 
condensjition  going  on  before  cut  off  in  a  cylinder,  also  there  is  lo8B 
due  to  the  cleamnoe.  It  is  then  quite  a  wonderful  thing  that  when  we 
reguhite  in  the  above  way,  letting  the  initial  steam  pressure  alter, 
but  not  altering  the  cut  off,  the  weight  of  steam  per  hour  and  the 

*  He  took  au  initial  pressure  of  100  ;  ho  must  prove  that  this  is  so  for  any  initiil 
pressure. 
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indicated  horse-power  when  plotted  on  squared  paper  give  points 
lying  in  a  straight  line.  This  is  the  Willans'  law,  which  is  found  to 
hold  in  single  cylinder,  and  in  compound  and  in  triple  cylinder 
engines,  condensing  and  non-condensing,  single  or  double  acting, 
with  and  without  steam  jackets.  It  is  a  law  of  great  practical  value 
to  OS  in  our  calculations. 

This  calculation  is  one  which  ought  to  be  made  by  the  very 
beginner,  and  he  ought  to  repeat  it  for  a  back  pressure  of  3  lbs.  per 
^uare  inch,  so  as  to  be  able  to  compare  condensing  and  non-con- 
densing engines.     See  Arts.  158  and  161. 
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28 

11 

15 
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If  the  student  will  add  to  this  table  another  column  showing 
W^  -r  /,  he  will  see  why  it  is  that  such  an  engine  is  less  efficient 
iihen  its  load  is  light. 


CHAPTER  IV. 

THE  INDICATOR, 

43.  In  Art.  30  we  showed  how  we  imagined  that  the  p 
steam  might  alter  during  the  motion  of  a  piston.  We  desii 
how  the  pressure  of  the  steam  does  alter  in  an  actual  ei 
so  we  use  the  indicator,  which  is  just  as  important  in 
information  about  what  goes  on  inside  a  cylinder  as  the  p 
stethoscope  about  the  inside  of  a  patient's  body.  Before 
vented  it  (keeping  it  secret  for  a  long  time)  he  had  alreai 
pressure  gauge  on  the  cylinder,  and  his  engines  moved  slow 
for  him  to  observe  with  his  eyes  how  the  pressure  alten 
piston  moved ;  but  modem  engines  revolve  so  fast  that  a  8< 
ing  instrument  is  absolutely  necessary.  The  indicator  ha 
barrel  or  cylinder  like  Cy  of  Fig.  73,  which  communicates 
main  engine  cylinder  through  a  short  pipe  from  B,  The  p 
the  steam  causes  the  piston  P  to  rise  by  an  amount 
determined  by  the  stiffness  of  a  spiral  spring  because  there 
atmospheric  pressure  above  it.  The  piston  rod  acts  on  the  le^ 
and  hence  the  rise  of  the  pencil  P  P  indicates  the  pressu 
steam  to  scale.  It  is  interesting  to  watch  the  jerky  up  fi 
motion  of  the  pencil  P  P  when  it  is  indicating  the  pressi 
ordinary  steam  cylinder.  The  barrel  D,  on  which  a  piece 
has  been  wrapped,  rotates  for  about  J  of  a  revolution  and  b 
as  the  cord  or  cat-gut,  which  is  wound  round  it  near  the  1 
pulled  and  let  go  again,  and  so  we  see  that  if  the  end  of  su 
gets  a  miniature  motion  of  the  piston  of  the  steam  engine 
line  is  drawn  upon  the  paper  like  that  which  we  see  in  Figs.  ( 
up  and  down  position  indicating  pressure  at  any  instant,  1 
position  indicating  position  of  the  piston  of  the  steam  engii 
instant.  A  diagram  is  usually  from  2\  to  3^  inches  long  f 
\\  inches  high.  Before  one  little  sheet  of  paper  is  repla 
fresh  one,  the  indicator  cylinder  at  B  is  made  to  commani< 
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losphetv  eo  that  the  i»eiicil  may  draw  ii  straight  line  like  AA 


:  <]4>.    This  line  is  oill<,il  the  atmospheric  line. 
.■ -iliiHi  of  the  pencil  when  the 
^»vm  was   )tttuos]ihori(.>,  and    we 
nr  that  pre^ure  is  to  be  measured 
Qgbl  itnglfs  to  it. 

7  and   68  show  two  ways 


U  tell* 


1  the  iodirator  is  nsnally  connected  to  the  cylinder:  unless 
i  sure  that  the  load  is  very  steady,  two  indicators  must  be 
Plno.-^  tOii  close  to  Bt<^m  portjj  are  to  be  avoideil. 
Plugs  are  screwed  in  tiie  holes  when 
the  indicator  is  not  being  used.  In 
Fig.  69  one  indicator,  EPD,  la  placed 
so  that  by  means  of  the  three-way 
cock  C  (shown  also  at  C  and  D  Fig. 
73)  it  may  comnmnicate  by  the  pipe 
Cff  to  one  end  of  the  cylinder,  or  by 
the  pipe  CH  to  the  other  end,  or  else 
with  the  atmosphere.  These  pipes  must 
not  be  less  than  J  inch  internal 
diameter. 

Now  inasmuch  as  the  pipes  CG  and 
C  H  are  of  somi!  length,  ami  iis condensed 
water  sometimes  gi-ts  entiingled  in  (hem, 
we  do  not  altogether  like  this  aimnge- 
ment  bwattse  of  the  greater  chance  of 
error.  It  is,  however,  verj'  convenient, 
b^vnuse  we  get  diagrams  fnjtn  the  two 
[  ilu-  rytinder  uu  one  sheet  of  luiper.  as  shown  in  Fig.  70 
'  r  eaaapln.' 

lKI>  natter  oat  tor  liiiMaU.     8upp)M*  than  ia  ■  iaan  lubn. 
I  M  tUtt  Willi  wttec.     Sa;  Uie  Imipli  t  !■  aimta  vtbimi  ftmmun  u 
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A  ( Fig.  73)  »itioW8  tho  out«idc  appconinco  of  il  Croiby  Indicator, 
and  iS  shows  it  in  scctton  ;  D  also  seen  in  Fig.  ^  is  a  holluw  bms 
cylinder  on  whioli  ii  shwt  of  \>ix]>eT  may  he  quickly  iiIhoikI  ur  tiiken 
awny,  and  students  ought  to  practise  doing  this.     It  will  bo  noticctl 
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Fwa.  TO. 


Camo  Koii<CoKDcmi!io  EKonne. 


the  lower  end  of  which  jP  gets  the  horizontal  motion  of  the  cross 
bead  A",  while  it  moves  up  and  down  a  little  in  a  slot,  the  end  J 
being  fixed.    Again  by  the  method  of  Fig.  71,  ^  is  pulled  by  a 

point  B  of  the  lever  DBF, 
B  moving  about  a  fixed  cen- 
tre, and  F  getting  motion 
from  the  crosshead  E  by 
means  of  the  rigid  rod  EF, 
or  as  in  Fig.  72  ^  is  the 
trunk  end  of  the  piston  of  a 
gas  engine  moving  F  in  the 
direction  E  F,  The  point  B 
pulls  the  cord  B  A,  Other 
'ways  of  giving  to  the  paper  barrel  a  motion  which  is  very  nearly  a 

miniature  of  the  motion  of  the  piston  of  the  engine  will  strike  the 

thoughtful  student,  and  he  will  find  it  an  excellent  exercise  to  test 

by  ^eleton  drawing  what  is   the  amount  of  inaccuracy  in  each 

uietbod. 

If  the  student  will  reflect  a  little  he  will  see  that  the  effect  of  the 

spring  D  S,  which  causes  the  paper  cylinder  to  come  back  when  the 

string  allows  it,  together  with  the  inertia  of  the  cylinder^  causes 

ihe  poD  in  the  string  to 

wy  a  good    deal,  and 

therefaie  the  string  alters 

m  length;  consequently 

**be  paper  does  not  get  a 

tnie   imitation    of    the 

nojiiaa    of    the   piston. 

This    is    one    of    many 

Wt-ctf*  of  the  indicat(»r, 

^  students  will  find  it 

instructive  to  trv  a  mther 

nelding   kind  of  string 

"o  as  to  exaggerate  the 

■^vil.    In    practice   some 

|*«'ple  now  use  steel  wire 

"f  steel  strip  instead  of 

<nng  or  catgut. 

44.  The  student  ought  to  make  a  study  of  any  indicator  which  he 

fiiay  have  opportunity  to  examine.     If  he  has  a  choice,  let  him  choost; 

one  of  the  verj'  latest  fonns  suitable  for  use  with  engines  running  at 
l^gh  speeds.     If  such  an  instrument  is  capable  of  showing  pressure 


Fio.  71.— How  THc  Cord  is  Cosne<tei». 
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to  a  good  scale,  at  high  speeds,  the  very  greatest  care  must  have  been 
given  to  its  design,  and  it  is  worthy  of  study  as  a  specimen  of  good 
instrumental  construction.  The  Crosby  Indicator  of  A,  B,£,  Fig.  73, 
is  of  good  design. 

Cy  is  the  outside  cylinder.     Cy.  P.  the  cylinder  proper  in  which 
the  piston  P  moves  steam  tight  and  yet  without  friction.     Cjf.Bm 


Kn».  7*2.— Uow  THE  Cord  ib  Connectkd  io  a  Gas  Enoiite. 


free  below  to  expand  and  contract.     The  space  between  Cy.P  and  Cy. 
is  a  sort  of  stciini  jacket. 

Like  all  the  other  moving  parts  of  this  indicator  the  piston  P 
is  made  as  light  as  possible.  It  is  of  thin  solid  steel  hardened  and 
ground  to  a  shvck  fit  forCy.P.,  with  shallow  channels  on  itsoutsidefor 
gathering  coiidonsod  water  which  forms  an  excellent  packing,  with 
very  little  friction  and  practical  sU^am  tightness.  Its  central  socket 
in  one  piece  with  the  rest  extends  upwards  more  than  downwaitb. 
The  lower  i>art  receives  the  piston  screw  P.S\  the  upjier  part  is  slotted 
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to  receive  the  bottom  of  the  spring  with  its  central  ball ;  the  hollow 
steel  piston  rod  is  screwed  in  at  the  top  making  a  firm  job.  The 
swivel  head  SIF  is  screwed  into  the  top  of  the  piston  rod  more  or  leas 
depending  on  the  required  level  of  the  atmospheric  line  of  the 
diagram. 

The  cap  C  bushed  with  steel,  screws  into  the  cylinder  and  into 
the  head  of  the  spring  and  holds  the  sleeve  S,  &c.,  in  place.  The 
sleeve  turns  freoly  on  the  cylinder  and  carries  by  the  arm  A  the  fixed 
end  of  the  link  <//,  which,  with  the  links  JS  and  G  and  the  lever 
F.PT,  PP  form  the  parallel  motion,  which  causes  the  jHrncil  point 
PP  on  the  lever  I\  PP  to  have  a  vertical  motion,  which  is  six  times 
that  of  Sir,  In  fact  the  horizontal  motion  of  F  deatrovs  the 
horizontal  motion  of  P  P.  There  is  atmospheric  pressure  above  the 
piston,  and  the  pressure  below  it  is  that  which  we  wish  to  indicate. 

The  piston  rises  thn)ugh  a  distance  which  is  pn)i)<)rtional  to  the 
pressure  in  excess  of  the  atmospheric  prt^ssure,  or  it  falls  if  the 
pressure  underneath  is  less  than  atmospheric.  It  is  very  imiKirtant 
to  test  with  a  good  pR»ssun>  f?^"g^-  if  the  motion  of  the  |K*ncil  really 
indicates  pressure  to  the  ])roj)er  scale :  the  student  will  readily  see 
how  this  may  bo  (lt>ne.  If  the  spring  is  altogether  removed  it  is  easy 
to  move  the  jKueil  up  and  (I(»wn  on  the  ]mper,  and  in  this  way  tost 
if  its  motion  is  truly  at  right  angles  to  the  direction  of  the  atmospheric 
line. 

The  springs,  made  each  of  one  piece  of  steel  wire  as  shown  at  £, 
are  supplii»il  of  such  stiffnesses  that  1-ineh  motion  of  the  {lencil 
n'presiMits  either  4,  8,  12,  1(),  20,  30,  40,  50,  (50,  80,  100,  120,  150.  or 
180  lbs.  jKT  square  inch,  and  a  student  t>ught  ti>  become  expert  in 
altering  from  one  spring  to  another.  Notice  that  the  Crosby  spring 
is  right  and  lefl-handed,  and  it  therefore  has  no  tendency  to  press 
the  piston  laterally  against  the  cylinder  when  it  is  conipresKd. 
Boxwood  scales  of  })ressure  to  measure  diagrams  with  are  supplied, 
to  correspond  with  the  springs,  and  the  box  usually  contains  also 
scR^vdrivers  and  other  tools  which  an.*  likely  to  bo  needed. 

The  student  ought  also  to  examine  a  drawing  of  the  Richards 
Indicator,  which  lu»  can  now  have  no  difficulty  in  undersUinding. 
It  dates  from  18()2,  and  is  still  in  us(»  for  I'ligines  wluch  make  not 
more  than  l.SO  revolutions  jht  miinite.  Ob.serve  in  this  as  in  all 
other  giMxl  indicntors  that  the  cylinder  in  which  the  pisUm  moves  is 
seiNirat^Kl  by  a  sU^am  s|>ace  from  the  outside  case,  and  so  is  not  Ukcly 
to  condensi*  sti'am  inside  it. 

46.  The  errors  of  indicators  are  due  to  : — 

1.  The  stiffness  of   the    sj)ring   alters    with    temiKrature,  and 
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e  average  temperature  of  the  spring  is  not  known,  and  is 
Serent  in  different  cases.  The  error  due  to  this  cause  may  be 
I  mach  as  2  per  cent.,  but  a  careful  man  may  reduce  it  to  almost 
Dthiiig. 

2.  Through  defects  in  the  parallel  motion  and  in  the  spring  itself, 
be  Terticai  motion  of  the  pencil  may  not  be  exactly  proportional  to 
be  presBiire  in  all  positions.  This  may  be  tested  at  one  or  two 
beady  pressures,  marks  on  the  paper  being  tested  by  the  scale,  and 
ompared  with  readings  of  a  good  pressure  gauge. 

3.  Bad  fitting  of  the  parts  through  bad  workmanship  or  much  use. 

4.  The  inertia  of  the  paper  barrel  and  weakness  or  strength  of  its 
pring.  and  also  friction,  combined  with  the  yielding  of  the  cord 
vHiieUmes  causmg  the  travel  of  the  paper  to  be  too  great,  sometimes 
oo  little ;  in  both  cases  the  motion  of  the  paper  being  no  miniature 
i  that  of  the  crosshead  of  the  engine. 

6.  Friction,  whether  at  joints  of  the  parts  moved  by  the  piston  or 
between  the  pencil  and  paper. 

46.  By  means  of  PH,  which  is  on  the  easily  fitting  sleeve  F  HA  S^ 
we  cause  the  pencil  to  touch  the  paper  or  we  can  withdraw  it.  In  a 
Dodem  engine  going  at  from  150  to  300  revolutions  per  minute,  it 
IS  budly  possible  to  make  the  pencil  touch  the  paper  and  to  remove 
it  viihoot  tracing  out  several  diagrams.  If  the  contact  is  continued 
and  if  there  is  a  steady  load  on  the  engine,  the  pencil  will  trace  out 
the  same  diagram  many  times,  and  when  the  indication  (sometimes 
called  *•  a  card  '  )  is  removed,  the  paper  seeuis  to  have  only  the  one 
line  upon  it.  After  allowing  the  indicator  to  be  warmed  up,  and 
•eeing  that  the  paper  Ixirrel  is  not  clicking  against  its  stops,  putting 
knots  in  the  cord  if  necessary  to  get  it  to  the  proper  length,  the 
mal  operations  as  in  Fig.  69  are : — 1.  Unhook  cord  A  B  or  use 
the  disengaging  device  supplied  on  some  indicators ;  take  off  old  card ; 
pat  on  a  new  blank  paper  (you  will  become  expert  in  this  by  prac- 
Uoey.  2.  Turn  the  cock  C  so  that  there  is  atmospheric  pressure  under- 
wath  the  indicator  piston ;  touch  paper  with  pencil  and  draw  it  back. 
3.  Turn  cock  C  so  as  to  communicate  with  one  end  of  the  cvlinder, 
lottch  paper  with  |K*ncil  and  draw  it  back.  4.  Repeat  for  other  end 
•'f  cylinder.  Now  disengage  cortl  and  remove  the  paper  or  card.  It 
*ill  perhaps  look  like  Fig.  78  if  the  engine  is  a  condensing  one,  .4  A 
l*ing  the  atmospheric  line.  It  will  ])erhaps  h>ok  like  Fig.  70  if  the 
♦engine  is  non-con<lensing,  A  A  being  the  atmospheric  line.  It  is 
Q.sial  at  once  to  write  on  a  diagram  the  time  (date,  hour,  and  minute) 
*t  which  it  was  taken,  and  surh  other  information  as  mav  be  known, 
80ch  as   the  number  of  revolutions  of  the  engine  ]x.'r  minute,  the 
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description  of  the  cylinder,  &c.  Sooner  or  later  these  ought  to  be 
written  on  the  diagram :  1.  The  boiler  pressure  at  the  time. 
2.  The  condenser  pressure  or  vacuum.  3.  The  scale  to  which  pressure 
is  represented.  4.  The  diameter  and  area  of  the  piston  and  piston-rod. 
5.  The  length  of  the  stroke  or  twice  the  length  of  the  crank.  6.  Re- 
volutions per  minute.  7.  All  information  as  to  the  machines  being 
driven  by  the  engine  which  may  be  necessary.  It  is  evident  that 
the  information  on  the  card  from  a  locomotive  or  marine  engine,  and 
especially  from  any  j)articular  end  of  a  particular  cylinder  of  an 
engine,  must  be  very  varied  to  be  complete.  It  is  very  seldom  made 
sufficiently  complete,  and  hence  come  doubts  and  misrepresentation. 
It  is  well  for  the  young  engineer  to  learn  at  once  that  there  is  hardly 
any  little  scrap  of  infonnation  bearing  on  the  test  being  made  that 
ought  not  to  be  noted  at  the  time. 

47.  If  the  spring  is  not  stiff,  it  will  represent  pressure  to  a 
sufficiently  large  scale,  but  at  a  high  speed  of  engine  there  will  be 

ripples  due  to  the  natural 
vibration  of  the  indicator 
itself.  If  these  ripples  get  to 
be  too  great,  as  in  Fig.  74,  m 
stiffer  spring  must  be  substi- 
tuted. Some  men  press  the 
pencil  firmly  on  the  paper; 
this  kills  the  ripples,  but  the 
Motion  dettrosri  the  aocn- 
raoy  of  the  diagram.  Can 
the  student  suggest  why  it  is 
that  solid  friction  like  this 
always  makes  the  diagram 
too  large  P  On  admission  thr  pencil  rushes  up  too  high,  and  it 
stays  too  high  because  of  th(»  solid  friction ;  it  rushes  too  low  and 
it  stays  t<M>  low  during  the  exhaust  for  the  same  reason.  Some  of 
the  most  interesting  exjKTiments  for  students  who  have  a  small 
steam  engine  to  work  with  are  these : — 

1.  Without  changing  the  valve  motion,  let  an  engine  run  first 
slowly,  then  faster  and  fiisttT,  and  take  a  diagram  at  each  speed 
Xott*  how  the  wire  drawing  incn»jtsi\s  as  the  s|K»ed  increases,  and  how 
important  it  is  to  reU^aso  and  admit  well  before  the  end  of  the  stroke 
at  thi'  higher  sjX'eds. 

2.  Note  how  ripples  b<»gin  at  high  sir»(h1,  and  how  they  become 
great  enough  to  upsi»t  the  diagmm  altogether,  so  that  a  stiflfer  spriog 
must  be  used. 
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3.  At  some  slow  speed,  alter  the  valve  gear  in  various  ways,  in 
etch  case  noting  the  character  of  the  diagram. 

48.  Vertical  distances  represent  pressure  to  a  scale  which  depends 
opon  the  spring  that  is  used.  Let  a  line  0  0  be  drawn  parallel  to 
the  atmospheric  line  A  A,  and  below  it  at  a  distance  which  repre- 
sents 14'7  lbs.  per  square  inch ;  then  distances  measured  vertically 
from  0  0  will  represent  absolute  pressures. 

The  information  given  ua  by  an  indicator  diagram,  if  it 
aocnrately  represents  pressure  at  every  part  of  the  stroke  on  one 
side  of  the  cylinder,  is  very  varied  and  valuable. 

1.  It  tells  us  if  our  valve  motion  is  doing  its  duty,  admitting 
ateam  just  before  the  beginning  of  the  stroke  at  B,  cutting  off  without 
too  much  wire  drawing  at  D, 
releasing  at  E  well  before 
the  end  of  stroke,  and 
cushioning  at  ff. 

2.  If  the  pressure  of  the 
initial  steam  B,t  C  D  is  very 
much  less  than  that  of  the 
boiler,  there  is  a  loss  due  to 
the  smallness  of  the  supply- 
pipe  or  its  length. 

3.  If  the  pressure  in  the 
Wk  stroke  F  His  not  nearly 

atmospheric  in  Fig.  75,  or  nearly  the  same  as  that  of  the  condenser 
in  Fig.  78,  the  exhaust  pa*vsage  is  not  large  enough,  or  else 
there  was  much  steam  condenscKl  during  admission,  which  is  now 
bcnling  away  during  exhaust,  and  so  maintains  a  high  exhaust 
presBure. 

4.  The  shape  of  the  expansion  cur\e  I)  E  gives  us  ver}-  valuable 
information  which  I  do  not  care  here  to  enter  upon. 

5.  It  enables  us  to  calculate  the  indicated  horse-power. 
These  are  only  a  few  of  the  things  ab<:>ut  which  th«*  indicator 

<liagram  pves  us  information.  The  indicator  may  Ik*  aj»plied  also  to 
the  valve  chest  or  the  condenser. 

QiifMions, — 1.  If  you  notice  that  the  admission  pressure  at  C  is 
much  less  than  the  boiler  pressure,  what  do  you  infer  ?  2.  If  you 
notice  that  the  pressure  at  D  is  considembly  less  than  at  C\  is  this 
njore  likely  to  occur  at  high  speeds,  an<l  why  ?  A  gradual  fall  from 
C  to  jD  is  very  different  from  what  is  shown  in  our  tigun*.  8.  If  the 
prasare  at  i^  is  much  greater  than  /T,  what  may  we  infer  ? 

In   the   diagram    Fig.    75,    the   admission    begins   somewhere 


Fxo.  75.— SrE<  iMEs  DiAdKAM  Non-Con deS'jI so  Engine. 
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about  B,  the  cut  off  slioiit  D,  the  release  at  E,  and  the  cuBhioning  - 
begins  at  H. 

Sometimes  from  B  to  D'\a  called  the  steam  line  or  line  of  admis-  - 
sion,  D  E  the  expansion  part  of  the  diagram,  E  F  H  the  exhaust  line,  ■ 
and  HB  the  cushioning  or  compression. 

49.  To  calculate  the  Indicated  hone-power,  that  is  Uie  ■ 
mechanical  power  exerted  by  the  steam  on  the  piston,  we  had  better 
neglect  here  the  area  of  the  piston  rod.  Let  A  bo  the  cross  sectional 
area  of  the  cylinder  in  square  inches.  Consider  the  space  on  the  left-  ' 
hand  side  of  the  piston  (Fig.  5).  If  Pig.  76  is  the  diagtam,  wesee  thak  i 
wc  must  find  the  average  value  of  all  such  absolute  pressures  as  are 
represented  to  scale  hy  B  C  (G  C  is  the  zero  lino  of  pressure  drawn  ' 
to  scale  1-17  lbs.  per  square  inch  below  the  atmospheric  line  A  A)  ■ 
during  the  forwiud  or  ingoing  stroke.    Wc  must  tind  the  average 


value  of  all  such  absolute  back  prcs.iuros  as  DC.  We  must  subtract 
the  second  from  the  first,and  call  the  answer  the  effective  pressure^ 
In  fact,  the  steam  docs  work  on  the  iiisinn  in  the  forward  stroke; 
the  piston  does  work  on  the  steam  in  the  back  stroke,  and  hence  we 
must  aubtract.  Now  very  little  thought  will  nhow  that  instead  of 
taking  the  averages  of  tho  B  C  forward  pivssures,  and  subtracting  the 
averages  of  the  D  C  back  pressures,  we  can  at  onco  tako  the  average 
of  the  BD  or  difference  pressures.  Hence,  all  that  we  have  to  do  ii 
tohnd  iho  average  breadth  of  the  diagram  FJiO  J£D I  {hreadth  being 
considen'<l  to  bo  at  right  angles  to  the  atmo-spheric  line);  and  the 
.scale  tells  us  the  effictive  pressure ^v 

Ti>  get  the  avinige  we  often  use  a  planlmeter  OS  described  in 
Art.  ];tl.  Hut  a  very  common  plan  is  the  following :— We  draw 
the  two  bounding  hues  of  the  di;ignuii,  lines  at  right  angles  taAA, 
to  cut  ihe  atmospheric  line  in  vl,,  A^,  then  A^A^  is  the  length  of  die 
diagram. 
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I  notice  that  in  my  figures  of  diagrams  I  sometimes  show  the 
mas|>heric  line  prolonged  as  from  A  to  A,  Fig.  81.  Now  in  truth 
le  indicator  will  show  it  ending  at  -4^  and  A^  The  ends  A^  and 
5  being  faint,  perhaps  it  is  always  wise  to  draw  the  bounding  lines 
f  the  diajspram  as  I  have  described. 

AyA^  is  divided  into  ten  equal  parts,  and  in  the  middle  of  each 
Mt  a  breadth  is  drawn.  The  lengths  of  the  ten  breadths  KJ,  ML, 
r/*,  Q  H,  &c.,  are  measured,  (usually  they  are  measured  at  once  by  the 
oxwood  scale  supplied,  in  pounds  per  square  inch  ;  but  they  may  be 
aeasured  in  inches,  and  only  the  average  reduced  to  pounds  per  square 
Dch,)  and  written  at  the  side,  added  up  and  divided  by  ten  to  get 
lie  average  value.  Notice  that  if  the  diagram  has  a  loop  the 
bceadths  of  this  part  are  negative.  When  the  average  pressure 
P  is  known,  it  must  be  multiplied  by  the  area  A  to  get  the 
total  effective  force  on  the  piston ;  this  multiplied  by  the  length  of 
'.he  stroke  (twice  the  length  of  the  crank)  in  feet,  gives  the  work 
■i«>ne  in  ever}'  stroke ;  multiplied  by  the  number  N  of  strokes  per 
minute  (or  really  revolutions  of  the  crank),  and  divided  by  33,000  we 
have  the  horse-power  indicated  on  the  left-hand  side  of  the  piston. 
The  rule  is  easily  remembered  in  the  form 

Plan  -j-  33,000 

If  we  know  the  average  effective  pressure  on  the  other  side  of  the 

pis^ton,  we  may  calculate  the  horse-power  developed  there  also,  or  we 

may  take  -P  to  be  the  average 

•f  the  two,  and  take  X  to  be 

*»h€  total    number   of    effective 

strokes  per  minute,  there  being 

^^o   in    ever\'    revolution.      In 

'nany  modem,  high-speed,  single- 

Jcting   engines   the  steam   acts 

•aly  un  one  side  of  the  piston. 
The  two  diagrams  are  often 

■^  the  same  canl  as  in  Fig.  78. 

60.  A  ?*tudent  ought  not  to 
(ASE^  t<»o  eaMly  over  this  subject : 
i:  b*  ven'  simple,  but  let  him  be 

^ur*r  that  he  really  does'  unden*tand  it,  and  L-  not  in«:prly  taking  a 
thing  for  granted  because  ever}>iij<Jy  says  that  it  i.s  i^K  Now  wo 
may  look  at  the  thing  from  another  [^^jint  of  vi<,'W.  Find  the 
actuml  forces  firom  left  to  right,  acting  on  the  piston  of  Fig.  o, 
in   its  forwaid  cnr  ingoing  stroke,  that  is  when   going  from  left  to 
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right.  At  a  certain  instant  the  pressure  is  B  C  on  one  side  and  CF 
on  the  other  side,  so  that  BF  represents  the  real  pressure  which, 
if  multiplied  by  the  area  of  the  piston,  gives  the  total  force  from 
left  to  right.  Similarly  in  the  back  stroke  when  the  piston  gets 
to  that  place,  the  force  from  right  to  left  is  represented  hy  EC  -^  DC 

or  ED  per  square  inch.     An 
/(x-— V  enquiring    student    ought   to 

make  a  diagram  which  shows 
these  values  for  every  position 
and  it  ought  to  be  in  pounds 
per  square  inch,  to  the  same 
scale  as  the  indicator  diagrams. 
From  the  diagrams  of  Fig.  78 
I  have  found  the  result  shown 
in  Fig.  79.  This  diagram 
shows  to  scale  what  is  the 
force  from  left  to  right  acting 
on  the  piston  at  every  part  of 
its  stroke.  The  length  of  the 
stroke  being  0  0 ;  at  the  place 
C  in  the  forward  stroke,  HC 
is  the  force  from  left  to  right, 
and  in  the  back  stroke  the 
force  is  really  from  right  to  left,  and  is  of  the  amount  shown  in 
CJ.  A  student  who  wants  to  make  a  thorough  study  of  the  elemen* 
tary  facts  concerning  steam  engines  will  not  fail  to  make  a  diagram 
of  this  kind.  Note  that  the  average  total  breadth  of  this  diagram 
at  right  angles  to  0  0  is  the  sum  of  what  we  called  the  effectiTe 
pressui-es  on  the  two  sides,  and  its  area  is  the  sum  of  the  areas  of 
the  two  diagrams  of  Fig.  78. 


FicTd. 


CHAPTER  V. 

THE  INDICATOR,   CONTINUED. 
A   SET  OF   EXERCISES. 

61.  I  do  not  see  how  any  student  can  work  carefully  through  a 
et  of  exercises  like  the  following  without  acquiring  a  fairly 
50od  knowledge  of  the  theory  of  the  steam  engine.  He  will  ever 
ifterwards  be  glad  to  have  done  such  work. 

Fig.  80  shows  the  diagrams  from  the  two  ends  of  a  cylinder  of 
18  inches  diameter,  crank  15  inches  long,  120  revolutions  per  minute ; 
A  steady  load  was  maintained  for  four  hours.  Boiler  pressure  38  lbs. 
per  square  inch  by  gauge,  52*7  lbs.  per  square  inch  absolute.  The 
uetof  piston  is  18'  x  7854,  or  254  .square  inches.  The  working 
Tolnme  of  the  cylinder  is  254  x  30  =  7020  cubic  inches,  or  4*41 
cubic  feet. 

The  clearance  space  for  left-hand  diai^ram  (for  the  side  of  the 
pisiftn  remote  from  the  crank)  Wi\s  just  filled  bv  l.S'2  pints  of  water, 
w4o7  cubic  inches  ;  this  is  G  per  cent,  of  the  working  stroke.  The 
•clearance  space  fur  right-hand  diagram  was  found  to  be  533  cubic 
inches,  or  7  per  cent,  of  thu  working  stroke. 

I  show  a  scale  of  pressure  because  I  do  not  know  to  what  scale 
*lh:  engniver  will  bring  the  diagram.  The  scale  for  v<»lunie  is  of  no 
^^'Jns^^uence. 

1.  What  is  the  average  pressure  from  each  diagram  ^  Work  by 
taking  ten  equidistant  ordinatx^s  and  test  your  answers  by  plani- 
n»eter. 

Ajufic€r.  31*2  and  30*3  lbs.  jKjr  .squan,'  inch. 
i  What  Ls  the  indicated  horse-power  of  the  engine  ^ 
Neglecting   the   cross   sectional   area   of  the  piston  rod.      The 
^"^  sectional  area  of  the  cyimder  is  9^  x  7r  or  18-  x   7854,  or  254 
•l^iare  inches.     The  average  of  the  two  average  pressures  J(31'2  + 
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30*3),  or  3075  lbs.  per  square  inch,  and  hence  the  average  total 
pressure  on  the  piston  in  the  direction  of  its  motion  is  254  x  30*75 
=  7800  lbs.  *As  the  stroke  is  2  x  15  -$-  12, or  25  feet  long, the  work 
in  one  stroke  is  7800  x  2  J,  or  19,500  foot-pounds.    As  there  are  2  x  120 


ScA/e  of  lbs  persq.  ind). 

?  ?  f  ^  ^ 
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PlQ.  80. 


strokes  per  minute,  the  answer  is  19,500  x  240  -«-  33,000,  or  14! 
horse-power. 

3.  The  load  on  the  engine  having  been  kept  nearly  constant  for 
four  hours,  the  following  measurements  were  also  made,  beginniog 
and  ending  with  approximately  the  same  kind  of  fire  and  the  sain® 
amount  of  water  and  same  pressure,  &c.,  in  the  boiler,  it  was  foifflw 
that  217()  lbs.  of  coal  had  been  used  during  the  four  hours,  or  644  A* 
of  coul  ]HT  hour.  Hence  the  consumption  is  3*8  lbs.  of  coal  p^^ 
hour  per  indicated  hoi-so-iwwer. 

A  water  meter  was  employed  to  measure  the  quantity  of  feed 
water  supplied  to  the  boiler,  it  was  found  to  be  242  cubic  feet  in  tte 
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ur  hoars.  Although  the  feed  water  was  tested  and  found  to  be  at 
18'  F.  we  may  take  it  that  its  weight  is  nearly  the  same  as  if  cold 
•  62-3  lbs.  per  cubic  foot,  hence  242  x  62-3-^-4,  or  3770  lbs.  of  steam 
as  supplied  to  the  engine  per  hour  (except  for  leakage),  and  hence 
e  get  one  indicated  horse-power  for  3770  -J-  142,  or  26*6  lbs.  of 
team  per  hour.  It  is  to  be  noticed  that  of  steam  of  527  lbs.  pressure 
le  consumption  by  a  perfect  condensing  engine  using  the  Rankine 
Vcle  (see  Art.  214)  is  10*2  lbs.  per  horse-power  hour,  so  that  our 
ttciency  Ratio  is  10*2 -26*6  or  0*38.  Also  from  the  next 
exercise  we  see  that  in  our  engine  there  is  an  expenditure  of  288 
inits  (F.)  of  heat  per  minute  per  horse-power. 

4.  How  much  water  is  evaporated  per  pound  of  coal,  assuming 
that  the  steam  contains  no  water  as  it  leaves  the  boiler  ? 

Answer.  6*93  lbs. 

Note  that  1  lb.  of  feed  water  at  118**  F.  converted  into  steam  at 
52  7  lbs.  per  square  inch 
(or  284^^  F.  as  may  be 
««n  by  the  table  Art. 
180)  needs  1114  -  118 
+  305  X  284,  or  1083 
units  of  heat.^  Our  usual 
standard  of  evaporation  is 
the  conversion  of  1  lb.  of 
water  at  212''  F.  into 
^*Am  at  212'  F.,  or  966 
heat  units,  and  hence 
«s  fur  every  pound  of 
coal  we  have  6*93  lbs.  of 

^eaw,  we   have  6'93  X  1083  -s-  966,  or  7*77  standard  evaporation 
pounds  of  steam. 

5.  Draw  the  zero  line  of  pressure  OH  Fig.  81.  Draw  the 
perpendiculars  B  Ay^C  and  A^G  H  touching  the  ends  of  the  diagrams. 
Make  OC  the  same  fraction  of  Off  that  the  clearance  space,  457  cubic 
inches,  is  of  the  working  volume,  7620  cubic  inches.     Now  draw  0  P 

M  lb.  of  water  at  32*  F.  raiaed  in  temperature  to  0^  F.  and  then  converted  into 
■tea,  receives  a -32  units  of  heat  as  water,  and  the  latent  heat  1114  -  0  695  0,  or 
•lusher 

//  =  1082  +  0-305  e\ 

1  IK  of  feed  water  at  tfj**  F.  converted  into  steam  at  ej*  F.  receives  the  heat 

1114-1,4.  '»)5$r 

are  Fahrenheit  heat  units  suiting  Regnault's  results.     Multiply  by  774  to 
into  foot-pounds.     (See  Art.  177.) 

n  2 
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so  that  we  can  measure  our  pressure  and  volume  to  scale  vertic 
fix>m  OH  and  horizontally  from  OP.  Note  that  0 /T  represents 
volume  (7620  +  457)  -^  1728,  or  4673  cubic  feet. 

6.  I  have  marked  the  points  £,  Q,  F,  and  J,  Fig.  82 ;  what  are 
true  volumes  and  prenures  at  these  points  ?  My  answers 
the  numbers  in  the  first  two  columns  of  this  table. 


AtR 
AtQ 

AtF 
At  J 


Volume  ill 
cubic  foot. 


1-715 
2-865 
4-323 
U-5905 


Premure  in 

lb.  per  Hquaro 

inch. 


44-77 
20-62 
21  -69 
13-05 


Weiifht  of 

utoam 

proiieiit 

in  lb. 


0185 
0-209 
0-233 

0  020 


Percentage  of 

water  AtufT 

which  Lr 

really  ateam. 


4  t    fi 

87-8 
98-8 


7.  Look  up  the  volume  of  1  lb.  of  steam  at  each  of  the  al 
pressures  and  state  the  actual  weights  of  steam  present.  1 
at  Ef  steam  of  44*77  lbs.  per  square  inch  measures  928  cubic 
to  the  pound ;  we  have  1*715  cubic  feet,  therefore  we  have  0*185  11 
steam  present  at  E,  Make  out  the  rest  of  the  above  table  in 
same  way. 

8.  At  J  we  see  that  0*02  lb.  of  steam  is  in  the  cylinder  be 
admission  of  fresh  steam ;  at  £  we  have  01 85  lb.  present,  how  n 
is  indicated  as  having  entered  ? 

Answer.  01  Go  lb. 

9.  Find  at  E"  and  J"  of  the  right-hand  diagram,  Fig.  82,  \ 
weight  of  steam  is  indicated  as  having  entered  on  that  side  of 
piston. 

Ansiver.  The  volume  at  E"  is  1*97  cubic  feet  at  45*38  lbs. 
square  inch  and  its  weight  is  0*2153  lbs.,  at «/"  019  lb.  of  steam  i 
cylinder  before  admi.ssion. 


Volume 

Pressure 

Weights 

At  K"  .    .    . 

1-97 

45-38 

•2153 

At  J"  .    .    . 

•5423 

13-45 

*0190 

10.  We  see  then  that  0165  +  196,  or  0*361  lbs.  of  steam  are 
dicated  per  revolution  of  the  engine  ;  is  not  this  0*361  x  120  X 
or  2599  lbs.  per  hour  of  indicated  steam  P 

But  we  saw  that  3770  lbs.  of  steam  per  hour  really  left  the  bo 
and  hence  1171  lbs.  per  hour,or  31'1  per  cent,  of  all  the  steam  lea^ 
the  boiler,  is  missing  or  not  indicated  just  after  cut-off. 
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11.  500  lbs.  of  water  per  hour  is  measured  as  coming  from  the 
steam  jacket,  and  it  is  estimated  (no  matter  how  it  is  estimated 
just  now)  that  130  lbs.  of  steam  leaks  away  per  hour  from  joints  in 
[Hpes.  &a;  this  leaves  3140  lbs.  of  water  as  entering  the  cylinder 
ever>-  hour,  and  so  we  have  (3140-2599)  -^  3140,  or  172  per  cent,  of 
the  steam  is  condensed  either  in  the  cylinder  or  on  its  way  to  the 
cylinder. 

Why  should  the  cylinder  itself  condense  so  much  steam  as  we 
tind  that  it  condenses  ?  This  is  now  the  most  Important  practical 
<lQMtlon  for  the  engineer.  ' 

12.  We  .have  assumed  that  3140  lbs.  of  water  stuff  enter  the 
cylinder  f*r  hour,  or  3140  +  (60  x  120),  or   436  lb.  in  one  revolu- 


ii'in.  At«sume  that  this  is  equally  divided  b<'tweon  the  two  sides  of 
'he  piston  as  the  average  pressures  are  nearly  equal,  so  that  218  lb. 
''f  water  stuff  corresponds  to  the  Iift-hand  iH.i^^ram  shown  again  in 
fig.  H'2.  The  steam  in  the  clt-aranci'  space  before  fresh  admission 
■«  0O2  lb.  Assume  that  there  w.-ls  no  wjitt-r  present  in  the  clrar- 
•nw  KpaM?.  Then  at  E,  or  Q.  or  F  the  total  amount  of  water  stuff 
J»i»ent  i.s  0238  lb.  Qurstiim.  If  it  were  all  steam  what  would  be 
its  volumes  al  the  three  pressures  44-77,  2n-62,  and  21-6!)  ? 

Antwtr.  2,268,  3  268,  and  4  386  cubic  feet. 

Let  the  points  A"  C,  and  F  represent  these  to  the  volume  scale 
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of  the  figure.  We  can  now  complete  the  table  of  Exercise  6.  We 
see  that  E^R  would  be  the  volume  of  the  water  stuff  correspondiDg 
to  the  point  J?  if  it  were  all  steam,  but  only  the  volume  ER  is  steam, 
and  hence  ^i2  is  to  E'R  as  the  amount  of  actual  steam  is  to  the  whole 
water  stuff  present.  Similarly  Q  Tisto  QfT  as  the  actual  steam  is  to 
the  whole  water  stuff  at  Q.  Similarly  FW  is  to  FW  ^a  the  actual 
steam  to  the  whole  water  stuff  present  at  F. 

I  have  an  easy  rule  for  drawing  such  a  curve  as  E  Q"  F  (see 
Art.  185)  when  any  point,  vsay  JT  in  it  is  given.  I  will  not  give  it 
here,  but  surely  a  thoughtful  student  can  have  no  great  difficulty 
in  inventing  such  a  rule  when  he  sees  that  one  is  needed.  Hint ;  at 
any  point  Q",  the  distance  Q'^  represents  the  volume,  and  QW 
represents  the  pressure  of  the  same  weight  of  steam  as  is  shown  in 
the  same  way  at  E,     Hence  (see  (9)  Art.  180) 

ES  X  Ee  i-^«  =  QWxQfq  ^'^^. 

is  the  law  showing  the  relations  of  these  quantities  to  one  another. 

Does  condensation  or  evaporisation  occur  from  E  to  Fl  Answer, 
Evaporation. 

13.  Students  may  be  interested  to  know  that  during  the  above 
four  hours'  test  the  average  power  leaving  the  crank  shaft  was 
measured  as  a  torque  of  5033  pound  feet  at  an  angular  velocity  of 
120  revolutions  per  minute,  or  754  radians  per  minut-e ;  that  is  the 
useful  power  given  out  by  the  crank  shaft  was  5033  X  754,  or 
3.795,000  foot  pounds  per  minute,  or  3J95,000  -5-  33,000,  or  115 
horse-power. 

The  power  given  by  the  steam  to  the  piston  was  142.  The  useful 
power  is  115.  and  hence  the  efficiency  of  the  mechanism  of  the 
engine  is  0*81,  or  81  per  cent. 

14.  During  the  above  four  hours  the  average  power  leamg 
the  dynamo  machine  which  was  driven  by  the  steam  engine  was 
measured  ivs  a  current  of  730  amperes  at  an  electrical  pressure 
or  voltage  of  100  volts.  This  is  730  x  100,  or  73,000  u:atis  (called 
by  the  electrical  j>eople  73  units  sometimes^  and  as  we  know  that 
746  ic.i.tts  are  equivalent  to  1  horse-power,  the  power  electrically 
given  out  was  73.000  -=-  74i».  or  98  horse-power.  The  efficiency 
of  the  shafting  and  dynamo  is  98  -t-  115,  or  852,  or  85^ 
per  cent. 

15.  During  the  tost  the  electric  power  was  sent  through  wires 
to  incandes^xni  lamj>s  :  4i  pt^r  cent,  of  the  jwwer  leaving  the  d\i3aino 
was  convert*:il  into  heat  in  the  wires,  that  is,  the  drop  in  voltage 
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was  firom  100  to  95*5,  so  that  93*6  horse-power  was  given  out  as 
heat  and  light.  When  electric  motors  instead  of  lamps  received  the 
electric  power  in  some  similar  tests,  they  gave  out  85  mechanical 
horse-power  to  drive  machinery. 

16.  A  pound  of  the  coal  when  carefully  burnt  was  found  to  give 
c-ut  15300  (Fahr.)  units  of  heat;  each  heat  unit  is  equivalent  to 
774  foot-pounds,  and  hence  each  pound  of  coal  means  a  supply  of 
energy  of  15;300  X  774,  or  say  12  x  10®  foot  pounds.  For  each 
pound  of  coal  there  was  a  supply  of  6*93  pounds  of  water,  and  each 
pound  of  water  had  received  1083  heat  units,  so  that  the  steam  per 
pound  of  coal  has  7505  heat  units,  or  5,809,000  foot-pounds.  One 
indicated  horse-power  for  one  hour  is  33,000  x  60,  or  1,980,000  foot 
poQixis.  This  work  is  done  by  3*8  pounds  of  coal,  and  hence  the 
indicated  work  for  1  pound  of  coal  is  1,980,000  -r-  38,  or  521,000  foot 
pounds. 

The  useful  work  transmitted  from  the  crank  shaft  per  pound  of 
coal  is  81  per  cent,  of  this,  or  422,000  foot-pounds.  The  electrical 
energy  leaving  the  dynamo  machine  per  pound  of  coal  is  85^  per 
cent,  of  this,  or  422,000  x  '852,  or  359,500  foot-pounds.  The  heat  and 
light  energy  given  out  by  the  lamps  is  95  i  per  cent,  of  this,  or 
M3,000  foot  pounds. 

We  may  therefore  make  some  such  statement  as  the  following : — 
The  total  energy  obtainable  from  a  pound  of  coal  is  disposed  of  in 
the  following  way : — 

5,8iJ9,CKJO  foot-pounds  to  steam,  6,191,000  foot-pounds  wasted  in  chimney  and  by 
radiation. 

Kl,0OO  foot-pounds  to  piston,  5,288,000  foot-pounds  to  condenser  and  by  con- 
duction and  radiation. 

422,000  foot-pounds  from  crank  shaft,  99,000  foot-pounds  wasted  in  friction  of 
engine. 

390,500  foot-pounds  to  electric  light  leads,  62,500  foot-pounds  wasted  in  shafting 
and  d^mamo. 

Sl3,000  foot-pounds  given  out  as  light  and  heat  by  lamps,  16,5<X>  foot-pounds 
wasted  in  leads. 

53.  In  the  above  table  we  note  the  great  waste  in  converting  the 
steam  energy  into  indicated  work.  Part  of  this  loss  occurs  in  the 
steam  jacket;  moft  of  the  waste  will  be  accounted  fur  if  we 
measure  the  heat  given  to  the  condensing  water.  Measuring  the 
oomber  of  pounds  of  condensing  water  used  per  hour,  and  its  rise  of 
temperature,  it  is  easy  to  calculate  the  heat  received  by  it  from  the 
exhaust  steam.     See  Art.  138. 

Students  may  be  interested  in  some  of  the  results  of  four  other 
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four-hour  te«l5*  made  on  the  same  engine,  wthout  altering  its  cut 
or  speed,  but  with  different  steady  loads. 


IndicHtctl 

I*ower  tratm- 

inltted  from 

cmnk  shaft. 

B. 

Electrical 

Water  in  lb. 

Coal  in  Ih. 

hor«c-P<)Wor. 

horse^power. 

per  hour. 

ir. 

per  hour. 
V. 

191) 

163 

143 

4805 

730 

142 

115 

96 

3770 

644 

108 

86 

69 

3080 

387 

6.-) 

43 

29 

2155 

218 

19 

0 

"— 

1220 

Although  this  was  a  single  cylinder  engine,  and  therefore  not  v* 
economical,  the  results  are  well  worthy  of  study,  because  there 
relationships  among  the  numbers  which  are  the  same  as  those 
find  in  any  engine  which  is  governed,  as  this  one  was,  by  tlirottll 
the  steam,  or  in  some  other  way  lowering  the  initial  pressure  of  i 
steam. 

Thus  for  example  let  the  student  plot  the  values  of  W  and  P, 

W  and  E,  or  B  and  /  on  squared  paper.     Let  him  also  find  the  coal 

water  per  hour  ])er  indicated  or  transmitted  or  electrical  horse-po¥i 

and  let  him   meditate  on   his  answers.     He  is  gathering  matei 

for  a  very  thorough  pmctical  comprehension  of  the  steam  engine. 

And  now  I  should  like  to  think  that  the  average  student  ha 
chance  of  making  all  the  measurements  which  I  have  described.  E\ 
if  only  a  small  steam  engine  is  available,  an  earnest  teacher  will  fi 
that  he  can  let  students  make  tests  of  great  value  to  his  students. 

53.  At  Finsbury  it  was  a  regular  part  of  the  Seieion'o  wo 
for  two  students  to  attend  to  the  machinery  every  Wednesday,  £h 
the  lighting  of  the  fire  at  7  A.M.  to  0.80  p.m.  Whatever  part  of  t 
stoker's  or  engineer's  work  they  could  be  entrusted  with,  they  d 
They  regularly  took  all  the  measurements  necessary  for  calculati 
indicated  hoi*se-j)ower,  actual  hoi*se-power  given  out  by  engine,  fe 
water,  coals.  &c.  Thry  made  elnborate  reports  of  all  that  was  do 
during  the  day.  Few  people  seem  to  know  how  much  roughly  w 
rect  information  may  be  obtained  etisily  from  the  study  of  an  ordina 
working  engine,  for  I  want  it  to  be  undei-stoixl  that  this  was 
specially  arranged  laboratory  steam  engine. 

An  exercise  of  considerable  interest  mav  here  be  mentions 
A  batch  of  twenty  students  (who  hjwl  already  had  the  above  kind 
ex|HTienoe)  would  have  a  day's  measurements.  They  knew  exact 
what  each  of  their  duties  was  beforehand.     Their  watches  agree 
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When  aDV  observation  was  made,  the  time  was  noted,  and   each 
student  stayed  twenty  minutes  at  each  kind  of  observation,  and  then 
weni  on  to  another.     When  he  went  to  another  job  he  found  two  or 
more  men  there  to  instruct  him  if  he  needed  instruction.  He  reduced 
all  hu*  own  obser\'ation&     At  any  instant  there  would  be — Two  men 
checking  the  speed  indicator  by  counting,  and  also  taking  tempera- 
lure  of  hot  well ;  two  men  measuring  feed  water ;  three  men  taking 
indicator  diagrams;  two  men  observing  pressure  gauges,  one  on 
bi»iler,  one  on  exhaust  in  engine  room,  one  on  vaporising  condenser 
on  roof  of  building ;  two  men  weighing  coals,  &c. ;  two  men  observing 
actual  power  given  out  by  engine,  and  transmitted  through  dynamo- 
meter coupling ;  two  men  measuring  electrical  horse-power  given  out 
by  dynamo  machine,  which  was  the  only  thing  driven  by  the  engine 
through  a  long  shaft.     The  engine  was  nm  for  four  hours  at  a  time 
under  a  steady  load. 

All  the  obser\'ations  were  entered  in  a  great  table  as  soon  as  they 
W  been  reduced.  Students  who  took  diagrams  had  to  make  sepa- 
laiv  reports  on  the  nature  of  the  expani>ion  curve,  the  missing  water, 
the  state  of  the  valve  motion,  and  many  other  things.  Such  a  field 
<lay  as  this  was,  I  found,  worth  many  lectures  in  bringing  home  to 
indents  what  actuallv  occurs  in  machinerv.  It  is  to  be  remembered 
that  these  students  had  previously  obtiiined  the  calorific  i)owerof  the 
M:  some  years  they  took  samples  of  the  fumaoo  gjuses,  and  analysed 
thorn  in  the  chemical  laboratorv:  ever\*  vear  thev  tested  the  instru- 
DJtnts  used  for  measuring  feed  water,  the  transiui.ssi<>n  dynamo- 
ta^U'T  &c.,  before  the  field  da  v. 

Imagine  a  student  to  go  thnuigh  this  easy  work  and  firriv(?  at 
the  abfve  residts :  take  into  account  the  iin|K>s>ibility  of  his  doing 
ih*f  work  without  understanding  it.  Surely  any  one  can  see 
how  very  different  must  be  the  notions  of  a  student  aft^.-r  this  kind 
''fexperimenting  from  those  of  a  man  who  nien-ly  n.ads  a  l)ook  or 
li^tf-as  to  lectures.  I  affirm  that  simple  experimental  work  of 
thi>  kind  is  absolutely  necessiry  for  the  rienientary  studt-nt  if  he 
i"  to  get  soumi  notions  not  merely  concerning  steam  engines,  but 
*boui  energy  questions  in  general. 

54.  More  JS.rerciist's. 

17.  Try  if  there  is  a  law  of  expansion  of  the  siinj>l<'  forni;)i'*  = 
(vmstant.  At  a  point  like  Q  (Fig.  82),  Q  Jr  repnsents  the  pn^sure, 
and  (fj  the  actual  volume  of  the  expanding  steam  to  S4»nie  sc»ales. 
If  there  is  such  a  law  as  the  above,  it  is  easy  for  the  student  to  prove 
that  the  actual  scales  of  m<:asurement  are  of  no  im])ortance.  I  there- 
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fore  measure  the  distance  Q  Win  inches,  and  call  it  />,  and  I  measure 
Qq  in  inches  and  call  it  v.  Measurements  like  the  following  ought 
to  be  made  at  many  points  from  E  to  F.  My  measurements  are 
made,  not  upon  the  diagram  as  engraved,  but  upon  my  own  copy  of 
this  diagram.  When  the  table  has  been  made  out  let  the  student 
take  the  common  logarithms  of  all  the  measurements. 


p 

V 

log.  p. 

log.  V, 

4-46 

3-34 

-6493 

•5237 

4-11 

3-73 

•6138 

-5717 

3-78 

412 

•5775 

•6149 

3*44 

4-6 

•5366 

•6628 

319 

6-08 

•5()38 

•7059 

2-96 

5-58 

•4713 

-7466 

2-67 

6-3 

-4265 

1   -7993 

1 

He  will  now  plot  '6493  and  5237  as  the  co-ordinates  of  a  point 
on  squared  paper,  and  get  a  ]>oint  for  each  pair  of  numbers.  It  is 
evident  that  if  there  is  such  a  law  as 

pi/^  =  canst,,  or  log.  ^>  +  J^  log.  v  =  C 

then  the  plotted  points  must  lie  in  a  straight  line,  and  so  the  test  is 
quite  easy.  In  the  present  case  I  find  that  a  straight  line  seems  to 
lie  evenly  among  the  points.  We  may  reasonably  say  therefore  that 
the  law  is  true.  Assuming  it  to  be  true  I  see  from  my  own  squared 
paper  that  if  lor/,  j)  were  0G5,  log,  v  would  be  "525, 

so  that  05  +  -525  Jc  =  C    ,     ,     ,     ,     (1) 

again  if  log.  ])  were  0*4,  log.  v  would  be  0833, 

or  -40  +  -833  k  =  C (2) 

Subtracting  (1)  from  (2)  we  find  -  025  +  -308  k  =  0,  or 
k  =  0*81,  and  so  the  law  of  expansion  is  very  satisfactorily  shown 
to  be 

^  ^  0^  _  constant 

55.  In  the  next  Exercise  we  are  going  to  study  what  goes  on  in 
thr  water  and  steam  in  the  cylinder  during  the  expansion  from  i?  to/ 
(Fig.  82).  It  is  assumed  that  at  everj'  prnnt  such  as  Q,  we  know 
that  then?  is  the  volume  Qq  of  steam,  and  QQ"  represents  the  extra 
volume  that  there  would  be  of  steam  if  the  water  were  all  steam. 
We  shall  consider  what  would  take  place  if  the  whole  amount  were 
1  lb.  (we  know  that  we  have  only  '209  lb.  -h  -878,  or  0-238  lb.  present, 
or  0-209  lb.  of  steam  and  0029  lb.  of  water).     We  assume  that  all 


THE  INDICATOR  107 

le  steam  and  water  is  at  the  same  temperature,  and  a  student 
ust  decide  for  himself  what  value  he  may  place  upon  results  based 
1  this  assumption,  which  is  certainly  wrong,  but  which  seems  to  be 
le  onlv  one  on  which  we  can  base  calculations. 

Assuming  (as  is  usual,  but  in  my  opinion,  wrong)  that  there  is 
o  water  present  at  the  beginning  of  the  admission^  we  see 
lat,  during  admission  there  is  0*222  lbs.  of  steam  condensed ;  we 
lay  take  it  that  the  latent  heat  of  this  condensed  steam  is  given 
p  to  the  cylinder  during  the  admission,  but  at  what  rate  this  is 
wne  at  every  instant  of  the  admission  we  do  not  know,  although 
re  may  speculate  about  it.  Again,  during  the  release  the  stufif  is 
artly  in  the  cylinder  and  partly  in  the  condenser ;  in  the  condenser, 
leat  is  being  rapidly  given  out  by  the  condensing  steam ;  in  the 
ylinder  whatever  water  remains  is  probably  boiling  away,  receiving 
leat  from  the  metal  of  the  cylinder.  It  seems  when  we  consider  the 
evaporation  going  on  from  E  to  F  (Fig.  82),  that  there  is  no  great 
likelihood  of  much  water  being  present  during  the  exhaust. 

Use  of  MacFarlane  Gh'ays  Diagram. 

Exercise  18.     Let  Fig.  83  be  a  t(f>  dia^am  (see  Art.  203). 

Points  on  the  curve  A  B  are  plotted  to  the  figures  headed  0^ 
in  the  table,  Art.  180.  Points  on  the  curve  CD  are  plotted  to  the 
figures  headed  ^^  in  the  same  table. 

The  cur\'e  EQ F on  the  <0  diagram,  Fig.  83, corresponds  with  the 
^rve  EQF on  the  indicator  diagram.  Fig.  82.  It  is  drawn  in  the 
Wlowing  way.  To  find  the  point  Q.  Find  the  tenipeniture  corre- 
sponding to  the  pressure  at  Q  and  draw  qQ'  to  correspond  ;  divide 
J^  in  Qy  Fig.  83,  in  the  same  proportion  as  that  tn  which  Q  divides 
the  di.stance  q  Qf,  Fig.  82.  Find  the  other  points  in  the  curve  EQF 
in  the  same  wav. 

The  t4>  diagram  tells  us 

1.  If  the  expansion  from  E  had  been  adiabatic  q  Q"  :  Q"Q'  in  the 
f^  diagram  would  have  been  the  ratio  of  the  amounts  of  steam  and 
"••ater  present  at  Q.  Hence,  in  the  indicator  diagram  make  q  Q" :  q  Q\ 
^qOf* iqOf  m  the  t<f}  diagram,  and  so  get  the  curve  EQ'F\  Fig.  82. 
riiis  is  what  the  real  adiabatic  expansion  indicator  diagram  curve 
mm  E  would  be  when  we  deal  wuth  the  proportion  of  steam  and 
rater  which  we  know  to  be  prcsi^nt  at  E. 

2.  The  line  Oif>,  Fig.  83,  is  really  supposed  to  bo  drawn  at 
-  461"  F.,  or  —  274°  C,  so  the  student  must  imagine  the  dotted 
ioes  in  the  diagram  to  be  very  much  longer  than  they  are  shown. 
ndeed,  on  the  temperature   scale  the  point  0  marked  —  461**  F. 
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ought  really  to  be  looked  upon  la  a  zero  of  temperatute,  and  instctMi 
of  200°  F.  we  ought  to  read  the  absolute  temperature  661.  On  tb» 
complete  diugram,  areas  measured  right  down  to  the  line  0  ^  represmt 
heat  received. 

Thus  each  pound  of  water  stuff  from  B  to  Q  reoclTea  heat  frOB 
the  metal  of  the  cylinder  of  an  amount  represented  by  the  are* 
EZ  MQE,  and  the  total  amount  of  heat  received  during  expansion 
from  E  to  F  is  the  area  E LN FQE.  The  scale  to  which  heat  is  re- 
presented is  always  easy  to  find  because  the  rectangular  area  e  m,  nS'c 


represents  to  scale  the  Intent  heat  of  a  pound  of  steam,  which  hw 
the  preasiiro  shown  by  E  on  the  in<licator  diagram. 

Suppose  it  happt'ncd  that  the  curve  A'^^when  constructed  turned 
out  to  be  like  the  dotted  ciirvi-  Eds,  note  what  it  means.  At  the 
be^nning  uf  the  expansion  from  E  to  d  heat  is  being  given  to  the 
metal  of  the  oylindiT  by  the  water  stuff.  Fmm  d  to  a  heat  is  beinn 
reaived  by  the  wati'r  stuff  from  the  mctiilofthe  cylinder.  Such 
curvos  carofniiy  Ntu<]iiKl  show  us  h()w  heat  is  exchanged  between 
metal  of  cyliiiiler  an<l  th^-  water  stuff.  Students  must  work  many 
exorcises  in  this  way  in  spite  of  the  fact  that  wo  cannot  prove  that 
there  is  no  water  present  before  admission. 

06.  My  students  sometimes  draw  the  complete  t^  diagmm  oor- 
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to  our  indicator  diagram.  The  assumption  throughout 
that  a  pound  of  waUr-^eam  is  present  in  a  vessel  of  changing 
ome,  and  the  amount  of  it  in  the  state  of  water  is  exactly  known 
each  point.  The  volume  of  the  water  is  neglected.  If  the  in- 
rator  diagram  were  really  correct,  and  if  we  could  be  sure  that  the 
mperature  is  always  the  same  in  any  part  of  the  water  and  steam, 
(ch  a  diagram  might  be  very  interesting.     I  am  sorry  to  think  that 


Fio.  S4.— Diagram  or  Force  at  Crcxa  Hfad. 


*^e  philosophers  are  apt  to  forget  that  this  consideration  renders 
D^t  of  their  speculations  usole5«.  But  the  much  more  important 
*>«Jmption  that  we  do  actually  know  how  much  water  is  present  at 
*oy  point  is  really  untenable. 

57.  Exercise  19.  In  many  of  the  a))ove  exercises  upon  our  inili«^ator  diagramfl 
we  have  gone  on  the  aiisumption  that  all  the  stuff  inside  the  rylirxler  is  at  the 
•une  temperature.  Thifl  io,  of  coun>e.  untnie.  like  many  othtr  assurnptionR 
which  we  make  in  our  desire  to  calculate  8oinethin^  ;  hut  reasoning  on  even 
wrong  AMiimptionR  may  give  rise  to  useful  suggestirms.  It  is  a  more  absurd 
awomption  stiU  that  the  material  of  the  cylin<ler  is  non-conducting,  and  yet 
if  we  im^tgine  M>me  water  in  a  non-con<lucting  cylinder  to  represent  the  metal 
of  a  real  cyliiHler  which  is  heated  and  coole<l,  although  the  assumptirm  ia 
wrong,  it  leails  to  nuggefttionH  that  may  Ije  of  U8e. 

Unog  the  numbers  given  ua  by  the  above  diagram,  and  aH.«uming  that  we 
hare  no  knowledge  of  the  actual  amount  of  water  preaent,  I  have  worke<I  out 
(Art.  216)  what  most  have  been  the  amount  of  water  present  before  a^lniisKion, 
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«ri/|  tt.]*^/  ih«;  «rfi'/'jnt  'xnt'lenM^  'laring  admurioo.    In  £ict,  ihe  ihipe  of  a  null 
f/f/f  ti'/ii  '>f  th«r  <rzfj«niiion  C'orT«  telli  lu  the  rmlne  of  Uwee  dungi  if  the  crliinler 

69.  KxKHfri'iK  'JfK  Following  the  method  of  Art.  50,  make  a  dLkgram 
nUft%inn  i'ft  t:vHry  jfffint  of  the  stroke  the  fore«  (divided  Inr  the  piston  area  for 
'*mvui*in*yi'f  actinc  on  tbe  cross  bead  end  of  the  couiecting  rod,  if  the 
wiiiiUt  of  |fi»V/n,  ^141^^  nxl  and  croasfaead  is  430  Iha.,  and  if  the  connecting 
r/«l  in  0)  f<'<!t  Ion;{. 

Kiint  l<-t.  iiH  i\n<\  tli«;  forrM,fi  which  the  cross  head  most  exert  to  maintain  the 
fiiot.iori  of  lfi«rH<;  iwrtH,  if  there  was  no  steam  pressure  on  either  side  of  the  piston 
liri'l  if  Oil*  f.fniik  nh/ift  wen;  driven  hy  an  oatside  agent. 

'I'h«'  iinuk  i»in  v<'UMity  in  r  =  2»  x  IJ  x  2  =  lo'Tl  ft.  per  second.  Tl»e 
ti'rt'U'tiii'unit*  nl  tin?  cikIh  of  the  Htroke  are,  numerically — 

'"(!=*=!)  "■•  '•'■■1'  (ib  ±  oi)  =  238-8  •»«»  157-9. 

TIk*  iii(»v;.i){  iniiHH  in  ^     ^,  in  engineers'  units,  or  14.     Hence  the  forces  at  the 

I'liiU  of  i iii*  nirokc  tin'  .TU '>  iind  i^21 1  lbs.     Reducing  these  to  the  scale  of  poonds 

|Hii-  ni|iiiii-i>  iiH'li  nil  piHtoii  wu  iiavu  13  and  8*7. 

Wo  HIM'  l»y  Art.  \V^\^  timt  wlicii  the  crank  is  at  90°  with  the  line  of  cent  res.  the 

liinliiii  i*«  nl*.*.'!  f«M>t  to  the  r'ujht  of  its  mid  stroke,  and  its  acceleration  is  39*5, 

39*5  X  14 
Ijh  liiK  \\\  I  hi'  Ni'iilo  of  jiroHHuro  n  fcirce  of      -^.- ^  or  2*18  lbs.  per  square  inch. 

Thi*  I'lmiiir  is  horizontal,  so  that  the  mere  weights  of  the  parts  (neglecting 
Hto  i>itiii)iM*iini^  I'oil)  ilo  not  enter  into  the  calculation.  I  have  made  C A  repre* 
ni'iit  I.')  Ilt't.  piM' Ni|utiro  iiu'h,  //A7  8*7,  and  I  found  the  point  i?  0*125  feet  to  the 
\\^\\  ol  thi*  mill  Nti*oko,  and  made  />*/>  represent  2*18  lbs.  per  square  inch.  1 
ilirw  thi*  i'tir\e  .1  /)  A.*  through  the  three  points,  and  take  its  vertical  distance 
%\\\\  w  hiMi'  h.un  ( '  //  to  repivsont  the  foree  which  at  the  crosshead  would  give  to 
till'  luoxtiti;  niavs  tho  ar«'i'loration  x^hioh  it  i>os$e$i»es.  To  the  same  scale  it  is 
u.»\x  oxi.lrnt  th.it  tho  total  toiw  u\*m  hft  fo  ri'jht  (that  is  towards  the  crank 
r.liHi^  oM  tJi4^  ri^w>.heail  In  shown  by  ilistanoes  of  points  on  the  diagnm 
I  /' ."  t.  / .'  /  ;  {  .1...  ;\  I '  //.  To  linil  suoh  a  yx^int  as  P  I  take  the  distance  SB 
yi\^^^\\  s  ,Mi  oi:o  ibactaiu  t  >  tlio  Kuk  pR^^^sure  point  7*  on  the  other  diagram), 
•mh(i  I.  I  iioni  u  \  /.  an/,  lit  \  r  nprtseiu  the  answer.  This  is  verj- easy  to 
,i.s  \\\;\\  i\\x-  t  ,iv.t'o{  .1  n!; ip.-t  jvi}H:  :  it  i?  cA^ier  to  do  than  to  descril>e.    Again, 

\.\    \; .    (v^  I   V.,iM^  Nl.i^ur.  :V.j   r..»:urt^  of  :h:5  aiajram  for  a  single  acting 

A  A    V\::,.  .XI    x^:       ..  ,    \i;.^.-.    *:'    ;:  t    v\>r:T)iV"*irii:  rM   of  our  engine  is 

■'  i»  ".'.^^     .,  V \  .^:  »,.  ;,x  .,  \    >-«'.••..;;>  ::-.':v.  ::.t  .:T\-»<!>heail  and  35  inches  from 

I    1  ,  .  «  .  K  ■.^     ."....  -4 ».    .;■;.■.;    >  « .■  A>.<  >  .*  >: : .": ».;;  1%^  :n  •  be  following  way — s^*ih  of 

x;    o.  1  N  N  .:vv ,wv.  ;.-,  .  ,  :   : ;■  .,:  .:.  .-,:  14T  -  i>»5>..  at  the  crank  pin.    It 

,4  .  is  .  .\x,v.  N. .  \  :".  \\".\  :;.&:  ::  w<  r^yiiS';"*-  ihe  real  connecting 
,'.v.  .  \  . «  ."  -isx. »  K.  .'  .X-,  s.  :>;.«.>.  >i.i..-;  < \:*t •£•■** mcly  ledii'ius  and  difcnlt 
y- ■.  ■-..  '^  ,'  .V.  ■.,  ..^  A.  .■■-\  '.K  s.i.^;v.  s  :..'.i  ./tiJ^-.k^T,  and  iibe  error  is  smalL 
\.   ,  fc-     ■■■.•;    ,■"  .:;   '.*.',:■:  .c.  ::•<   c-raiik  pin  is  alwavs  raoiiL 

'.'«'.     *' .      •..•...-.     ^  ,  .*.  :  M.;':-:'!  .iT  w>f  i'-Tkiik  31  msT  Vie  iieiilected. 

•         .       ■  *.       .  •■'^■.    .  X-.        ^  ...    !■.!..   ..    :.!!..  ;  :i4-  » i.n.iTif  mciment  on  the  crfcnk 

-^  .■•...-,.  .,.j.    .!.    Tij,   >•    ...;  .   :"  >r  /  ,'c  jnrMSL  dne  lo  a««le«iiflc, 

.                                                                                     -J  ^^'^  -*-  13pii*     ,„. 
"»*     !••  ■ .      '^   ,»\..;ij,,-x     IV  \j»Si«..    .1    .iii    i^r.'ovcuaL  CO   ^^- ^.    Thii 
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combined  with  the  old  steam  force  diagram  gives  a  diagram  not  very  unlike 
CFPGIJ  TL  C,  At  any  instant  let  the  force  (the  diagram  ordinate  multiplied 
br  the  area  of  the  piston)  be  called  F  pounds,  in  the  position  shown  in  Fig.  86, 
A  O  being  the  line  of  centres,  and  Oil  &  line  at  right  angles  to  ^4  O.  It  is  easy 
to  <how  that  the  taming  moment  on  the  crank  shaft  due  to  F  ia  F  x  OH  if 
vc  neglect  the  weight  of  the  rod  and  friction.  It  is  therefore  necessary  for  the 
student  to  draw  such  a  figure  for  many  points  in  the  piston  stroke,  and  to 
nioltii^j  each  value  of  F  in  pounds  by  each  distance,  such  as  OH  in  actual  feet. 
It  vt  well  to  make  a  diagram  in  which  the  abscissse  represent  angles  passed 
through  by  the  crank. 

If  the  crank  shaft  gives  out  power  uniformly  during  the  revolution,  the 
height  of  this  diagram  above  its  average  height  represents  the  acceleration  of 
its  velocity  to  scale.  It  is  useless  to  pursue  the  matter  further,  when  the  con- 
ne«nion  of  the  shaft  with  driven  machinery  is  by  belting  or  elastic  mechanism. 

60.  ExEBCiSE  22.  The  engine  is  on  the  same  shaft  as  the  armature  of  a 
4l\-namo  machine ;  the  whole  mass  moved  is  like  a  fly-wheel,  weighing  3  tons, 
vith  an  average  radius  of  5  feet.     What  is  its  flnctuatlon  of  speed  ? 

Answer.  The  mass  of  the  wheel  is  3  x  2240  -7-  32*2  =  209.  Its  moment 
of  inertia  is  this  multiplied  by  5",  or  it  is  /  =  5225  in  engineers'  units.  Each 
of  the  excess  moments  in  the  diagram,  divided  by  /,  gives  the  acceleration.  I 
knov  that  the  speed  is  very  nearly  uniform,  and  it  will  save  trouble  and  produce 
&lmo«t  no  error  to  assume  that  equal  angles  passed  through  by  the  crank  repre- 
•ent  equal  times.  Hence  the  area  of  the  acceleration  diagram  from  0  =  0 
represents  the  gain  of  velocity.  The  graphical  method  of  proceeding  is  easily 
uulerstood  ;  the  tabular  method  described  in  my  Applied  Mechanicn  ought  also 
•ometimes  to  be  employed. 
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It  will  be  seen  that  I  have  not  divide«l  all  the  values  of  E  by  /  to  get 
angular  acceleration ;  again,  instead  of  totting  up   /  acceleration  x  8/,  the  gain 

in  ra^lians  per  second,  I  have  totted  up  /  E'd  St  taking  8  8  in  degrees,  as   it 

lives  unnecessary  labour.     This  represents  the  gain  of  angular  velocity  to  some 
scale;  I  want  it  in  revolutions  per  minute.     Now  the  goin  in  revolutions  per 

minnte  is  evidently  ^    I  -jdt  if  t  is  m  seconds^  q~  I  '  t(i§  ^^'     As  a  is  in 
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,             dt       time  of  a  revolution  in  seconds       ^  .     ^,  ,  .        . 

degrees,  ^^  = -^ ,  sufficiently  nearly  oonstant  for  our 

purposes  ;  this  iSjJl.  o*"^*^.    ^^'®  ^*^®  therefore  to  multiply  the  numbers  in 

column  (4)  by  ^^   .    .  ,  which  is  2*58  x  10"*,  to  get  the  numbers  in  the  fifth 

column. 

KxERciSE  23.  State  the  maximum  and  minimum  and  average  turning 
moments  on  the  crank  shaft. 

Of  course  as  we  have  neglected  friction,  the  actual  turning  moments  are  less 
than  these.     In  fact,  Kxercise  13  tells  us  that  they  are  81  per  cent,  of  these. 

61.  KxEKCiSE  24.  For  eiglit  positions  of  the  crank  show  to  scale  (1)  the 
actual  force  on  the  crankpin,  (2)  that  component  of  it  which  acts  at  right 
angles  to  the  crank,  (3)  that  component  of  it  which  acts  radially. 

(2)  Is  already  drawn  to  scale,  for  it  is  the  turning  moment  on  the  crank 

shaft  in  pound  feet  divided  by  1*25  feet,  the  length  of  the  crank.     Let  BS 

drawn  at  right  angles  to  the  crank  O  B,  represent  it,  make  the  connecting  rod 

(pro<luced  as  shown)  direction  BR  be  the  diagonal  of  the  rectangle  BSRQ,  then 

BQ  w  the  com|)onent  towanls  O  of  the  push  of  the  connecting  rod  on  the  pin. 

But  we  have  also  the  centrifugal  force  (only  to  be  calculated  once)  of  147*2  lbs., 

147*2 
this  is  o»).,7  ^  ('^*)'f  or  903  lbs.,  and  Q  W  represents  it  in  amount  and  direction, 

hence  B  \V  represents  (3),  and  completing  the  rectangle  B  IV  TS,  BT  repre- 
sents (1). 

02.  I  have  now  described  some  of  the  exercises  which  I  usually 
ask  a  student  to  work  for  ine.  After  such  a  course  of  study  he  may 
feel  that  he  really  has  thought  a  little  about  the  steam  engine.  I 
know  a  great  deal  about  the  average  student;  he  has  read  books 
and  lookeil  at  the  figures  in  the  books,  and  he  has  heard  descrip- 
tions of  how  calculations  are  made ;  he  has  that  sort  of  knowledge 
of  his  subject  which  is  possessed  by  a  news{>aix?r  writer. 

How  often  must  we  say  these  things  before  teachers  and  students 
get  to  believe  us.     When  I  was  very  young  I  used  to  think  that  the 
views  I  imbilxMl  from  magazine  articles  were  my  own,  although  they 
changed  with  the  moon.     After  a  popular  lecture  I  thought  I  knew 
a  subject  nearly  jus  well  as  the  lecturer.     No  man  learns  to  think  hy 
men*  reading  or  listenmg  to  lectures ;  he  only  Irams  priggishness, 
and  his   method  of  study  is  e.xactly  like  Mark  Twain's  telescopic 
meth(xl  of  climbing  Mont  Blanc.     It  is  very  weak  in  me  to  publish 
in  this  book  such  figures  as  Fig.  88.     A  student  ought  not  to  see 
any  such  figure  unless  he  has  dniwn  it  himself,  and  then  his  know- 
Knlgf  would  have  the  exquisite  flavour  given  by  discover)'. 

63.  Then*  arc  tifty  other  iiHeful  cxcrciKeR  which  might  be  described.  For 
a<lvatu!e<l  students  I  may  suggeHt  the  following. 

KxKiu^iMK  2r>.  The  in<licator  diagram  (Fig.  82)  gives  the  pressure  of  the  ■team 
for  every  position  of  the  piston.     By  means  of  the  table  (Art.  180)  write  oat  tht 
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of  the  steam.  Find  the  angle  made  by  the  crank  with  its  dead 
point  for  eadi  of  these  positions,  and  draw  a  carve  showing  temperature  of  the 
ttcam  on  the  left-hand  side  of  onr  piston  for  every  position  of  the  crank. 

This  corve  is  interesting  in  itself.  But  now  let  the  student  take  the  values 
of  twenty-four  or  thirty-six  or  more  equidistant  ordinates,  and  by  any  of  the 
veU-known  methods  express  the  temperature  as  a  function  of  the  time  in  Foiirier 
•crtea  (see  Art.  316).  They  will  give  greater  interest  to  the  considerations  of 
Art.  229. 

ExxBCUK  26.  In  a  position  AB  (Fig.  85),  if  the  connecting  rod  is  at 
right  angles  to  the  crank,  the  push  in  it  is  great,  and  the  centrifugal  force  upon 
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it  ii  great,  and  presumably  this  is  its  position  of  greatest  weakness  ;  consider 
Bov  tta  streactb. 

It  will  be  noticed  that  in  a  horizontal  engine  the  figure  shows  the  best 
^iitetioo  of  motion,  because  the  weight  of  the  rod  opposes  centrifugal  force  when 
tht  rod  is  a  strut.  In  an  engine  which  must  work  at  full  power  in  either 
^irectioo  of  rotation,  the  weight  of  the  rod  ought  to  be  considered  as  well  as  the 
oestrifogal  force.  In  vertical  engines  the  weight  of  the  rod  may  be  neglected. 
^^  exercise  is  one  that  ought  to  be  worked  out  on  the  principle  described  in 
txioks  on  applied  mechanics. 

Exercise  27.  At  any  instant  iprhat  are  the  stremes  in  every  part  of  the 
^nme  of  the  engine  ?    If  the  engine  runs  at  very  high  speed  we  must  take  elastic 


Fig.  bo. 


nhcatory  effects  into  account ;  but  at  speeds  np  to  4(K)  revolutions  per  minute 
in  loch  engines  as  are  in  the  market,  we  may  neglect  such  effects. 

The  indicator  diagram  enables  the  forces  on  the  cylinder  to  be  calculated, 
the  above  diagrams  enable  all  the  other  loads  on  the  frame  to  be  calculated.  It 
it  UBoal  to  consider  these  at  only  one  or  two  positions,  when  their  effects  are 
likely  to  have  the  greatest  stress-producing  effects.  The  calculation  belongs  to 
that  part  of  applied  mechanics  which  is  called  machine  design,  and  no  general 
roles  may  be  given  concerning  it.  The  frames  of  modem  engines  differ  from 
oUcr  engines  greatly  in  the  regard  paid  to  considerations  of  this  nature,  but 
•bo  grsfttly  to  ease  of  manufacture  and  fitting. 
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64.  Exercise  28.  At  any  instant  find  the  forces  with  which  the  fran 
the  engine  acte  upon  its  supports.  Neglecting  all  the  steam  pressurea  the  gei 
principle  is  this— 

If  m  is  any  small  portion  of  the  engine  which  is  moving,  and  it  ha 
acceleration  in  a  direction  which  I  shall  call  x  of  the  amount  ^,  then  m£ 
be  regarded  as  a  force  in  the  direction  x.  If  the  resultant  of  all  such  force 
found,  this  is  the  resultant  of  all  the  forces  acting  on  the  ground  or  other 
port.  The  general  theory  is  given  in  Chap.  XXIX.  A  triple  expansion  en 
has  often  two  low-prensure  cylinders,  and  in  this  and  in  quadruple  ezpai 
engines  there  is  always  a  good  opportunity  of  effecting  a  partial  balano 
properly  spacing  the  cranks  and  adding  to  the  masses  of  the  smaller  piat 
small  niotlels  being  relied  upon  rather  than  calculation. 

•5.  Sintjfe-Actimj  EtifjiM.  In  Art.  58  we  found  the  diagram  showing 
force  acting  towards  the  crank  at  the  crosshead  of  our  double-acting  en| 
The  most  important  reason  for  using  single-acting  engines  is  that  this  force 
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be  always  in  one  direction,  ao  that  *'kn(x*king"  is  not  possible.  This  is  i 
trated  in  Fig.  87,  where  we  have*/ A'  E  L  M  FJ^  the  diagram.  In  this  case 
is  the  iitniospheric  line,  and  the  other  side  of  the  piston  is  exposed  to  atmoepi 
pressure  always  ;  hence  the  force  <lue  to  the  steam  itself  \%  E  H  m  the  fon 
and  F  H  in  the  l>ack  stroke,  always  in  the  same  direction.  Let  us  suppoM 
cylinder  vertically  alK>ve  the  crank  and  the  steam  as  acting  on  the  upper  8t< 
the  pist'on.  Let  all  forces  be  reckoned  {>cr  s(]uare  inch  of  piston.  Let 
reprcMMit  the  weights  of  piHton,  piston  nxl  and  croHshead.  In  meet  ordi 
engines  A  O  represents  from  *2  to 6  lbs.  ytcv  square  inch  of  piston.  Let  0 BC 
be  the  acceleration  force  diagram,  which  must  l)e  fttihfmrtfil  from  the  down^ 
forces.  We  thus  see  that  EO  and  FO  are  the  downward  foroea  at  the  c 
head,  and  they  do  not  change  sign. 

But  if  the  siieeds  were  greater,  so  that  BCD  were  to  cut  JFM.W%lk 
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be  compelled  to  give  more  onshioning.  When  the  speeds  are  much  greater  we 
prokxig  the  piston  rod  and  let  the  cushioning  effect  of  air  behind  an  auxiliary 
piston  supplement  the  ordinary  cushioning  effect  of  the  steam.  It  is  well 
worth  while  lor  a  student  to  work  out  an  example  in  which  O  B  is  three  times 
as  great  as  what  is  shown,  noting  exactly  how  much  air  cushioning  effect  is 
BBoeasary  to  prevent  reversal  of  force. 

If  we  desire  also  to  prevent  knocking  at  the  crank  pin,  we  take  care  that  a 
proper  proportion  of  the  mass  of  the  connecting  rod  is  supposed  to  exist  at  the 
cro«head,  thus  increasing  the  ordinates  of  the  BCD  diagram,  calling  the  result 
a  crank  pin  diagram.  All  knocklnc  may  tben  be  preTented  in  a  single-acting 
engine,  but  this  is  impossible  in  double-acting  engines  ;  which  are  never,  there- 
fore, run  at  a  high  speed  ;  but  in  double-acting  engines  we  can  often  utilise  the 
inertia  forgoes  to  alter  the  point  in  the  crank  pin  path  at  which  the  knock  occurs, 
so  that  it  shall  not  produce  such  serious  effects.     It  will  be  noticed  that  in  all 
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(«"e9  the  inertia  effects  tend  to  equalise  the  turning  moments  on  the  crank 
■ittft,  but  I  am  not  disposeil  to  think  this  a  very  important  matter. 

•••  DoMfJe  and  Triple  Expansion  Enginttn.—li  is  a  goorl  exercise  for  a 
beginner  to  take  a  particular  case,  say  that  the  cut  r>ff  is  at  two-fifths  of  the 
■troke  in  each  cylinder;  to  assume  volumes  for  the  spaces  which  receive  the 
■team  exhausting  from  one  and  admitted  to  the  next ;  for  each  |K«ition  of  the 
cruik,  to  note  what  the  steam  in  each  cylinder  is  doing,  and  to  <lraw  the  hyiK>- 
theCkaU  indicator  diagrams  on  the  assumption  that  p  r  remains  crmstant.  I 
aeed  not  give  examples  of  the  answers  as  they  are  verj'  easily  arrived  at. 

Soch  exercises  as  theste  are  easily  worked  out.  In  a  compound  engine,  cutting 
off  9t  ball  stroke  in  both  cylinders ;  prove  that  by  cutting  off  earlier  in  the 
stroke  in  the  low  pressure  cylinder,  more  work  is  done  in  this  cylinder  and  lefts 
kithm  high  pressure  cylinder;  also  it  tends  to  remove  the  "drop"  of  pressure 
ii  thm  bi^  preiure  cylinder  at  release  (absence  of  '*  drop  **  is  not  desirable). 

I   2 
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The  actiud  diagrams  from  each  cylinder  may  be  treated  eeparatelj 
Arte.  51-M,  and  this  is  the  beet  way,  because  in  the  expansion  part  w 
what  is  most  to  be  studied,  we  really  deal  with  different  quantities  of  st 
the  throe  cylinders,  the  steam  in  each  clearance  space  being  different 
For  some  purposes,  however,  it  is  thought  well  to  show  them  all  on  o 
gram,  to  the  same  scale  of  pressure  and  volume.  Now  the  total  Toliuiia  o 
steam  being  known  for  each,  it  is  easy  to  make  them  equal  to  loak. 

Figs.  88  and  89  are  examples  of  diagrams  which  have  bi«i  ao  vtchwei 
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are  copie<l  from  a  paper  by  Prof.  Osborne  Reynolds.  Fig.  88  when  Um 
no  steam  in  the  jackeU  ;'  Fig.  89  when  all  the  jackets  had  steam  of  1901b 
the  boiler.     The  Aha<le<l  parts  represent  condensed  steam. 

As  in  Art.  51  the  saturation  curve  is  drawn  on  the  assumption  tha 
is  no  water  present  in  the  cylinder  at  the  end  of  the  exhaust.  If  we  one 
that  there  may  l)e  water  present,  all  our  calculations  are  comparatively  i 
I  Iwlieve  that  tliere  is  almost  always  Home  water  present,  an  unknown  a 


1  Great  care  seems  to  l>e  taken  in  existing  triple  cylinder  enginea  to  k< 
jacket  pressure  of  the  I.  ami  L.P.  cylinders  low ;  the  steam  entering  by  n 
valves  and  there  being  relief  safety  valves.     It  is  interesting  to  see  to  much 
taken  to  produce  evil  effects. 
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CHAPTER  VI. 

THE   BECIPROCATISCJ 
MOTION. 

67.  Although 
the  student  is  already 
supposed  to  know  the 
■notion  of  a  slider 
driving  or  driven  by 
II  crank  by  nicanit  of 
H  connecting  riKl,  wo 
shall  here  Ktiidy  tho 
mechanism  a  little. 

In  the  Btudy  of  all 
kindH  of  link  work 
nu'chnniHin,  I  think 
that  niiK'h  is  to  be 
[^ine<l  by  iimking 
•Imple  model*  of 
latbl  f»stene<i  by 
pins.  I  now  suppose 
the  student  to  have 
n.mie  Niieh  a  iikkI.-I. 
Ki^s.  ni  and  101  show 
the  kind  of  model,  a 
somewhat  morn  clalw- 
nile  nrndel  than  jM-r- 
Imps  the  stuili'iit  may 
m.ike  t;>rhims..|i:  The 
end  A  ..f  th.-  <'i.iniect- 
ing  pkI  a  is  is  guided 
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lo  move  in  the  straight  line  direction  D  A  ;  the  motion  of  A  repre- 
sents the  motion  of  any  point  in  the  crosshead  or  piston  or  piston 
nod.  The  other  end  B  of  the  connecting  rod  moves  in  a  circular 
path,  whose  radius  is  the  length  of  the  crank.  The  student  will 
find  that  the  straight  scales  for  A,  and  the  circular  scale  G  F,  enable 
the  relative  positions  of  A  and  i>C  to  be  studied.  The  following 
problems  ought  to  be  worked  in  other  ways,  and  the  answers  tested 
by  means  of  the  model. 

The  next  best  method  of  study  is  by  skeleton  drawing. 
Pboblem. — When  any  position  of  the  crank  is  given  us,  to  find 
tlie  position  of  the  piston,  or  vice  versd.     Notice  that  any  poiat  in 
the  piston  or  piston  rod  or  crosshead  has  exactly  the  same  motion, 
the  whole  mass  having  a  motion  of  mere  translation.   Let  A,  Fig.  92, 
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^  the  centre  of  the  crosshead,  i»  the  centre  of  the  crank  pin.  OB  is 
ike  crank,  0  being  the  centi-e  of  the  crank  shaft.  Let  0  B  he  drawn 
in  any  position,  that  is,  making  any  angle  such  as  A  0  B  with 
^  centre  line  of  the  engine.  Set  off  the  distance  B  A  equal  to  the 
oonnecting  rod  and  we  have  the  projK^r  position  of  A, 

If  i?j  ami  B^  are  the  dwid  points  of  the  crank  pin,  let  B^A^  and 
ifA^  be  wich  ec|ual  to  the  length  of  the  connecting  nxl,  and  these 
*re  evidently  the  ends  of  the  stroke  of  A,  The  distance  of  A  from 
tbe  end  of  its  stroke  is  evitlently  the  same  iis  thi*  distance  of  any 
point  on  the  piston  or  piston  rod  from  the  end  of  it.s  stroke. 

If  we  want  to  find  ^'s  jiosition  pretty  oftrn  we  nee<l  not  always 
naake  the  above  straggling  drawing.  Oncv  for  all,  cut  a  template 
•^t  of  zinc  plate  or  thin  sycjimore  of  the  shajK*  shown  in  Fig.  9.*L 
The  edge  C 1)  is  straight.  The  e<lg<*  E  I)  is  an  an*  of  a  circle  drawn  to 
^  iidius  equal  to  the  length  of  the  conne<*ting  rod,  coming  down 
tt  />  at  right  angles  to  C  D.     The  edge  C  £  is  of  any  shaj>e  we 
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^1^=0158  or  AA^  1892,  ^^2=0108  or  A^A^=^ 
1-842. 

Note  that  A^A^  is  less  than  A^A. 

Exercise  2.  For  angles  A^OB=:0,  15^  30^  45^  &c.,  find  the 
distances  A^  A  and  A  A^ 

Find  what  these  would  be  if  the  connecting  rod  were  so  long  that 
ve  might  regard  the  arc  D E  oi  the  template  as  a  straight  line; 
in  Curt,  as  if  the  template  were  a  set  square. 

Your  answers  must  be  carefully  checked  by  the  following  table : — 


iO>B 


'  0*     15'  !  3D' 


45" 


.TO 


60**     75'     90'    105° :  120'   135 


150^ 


165" 


180' 


0      -iHl     158    -3431  -575.    834  1  100 1  352,1  575  1  757  1  892 1-973  2*000 


Ji,    .    .    .     2    1 -959 1 -842 1S57|  1-4251  166 0-900    -648    -4-25    243     108    -027 

■        i  ■  I  I  I  :  '  I  I 


0-000 


The  following  table  gives  the  answer  in  case  the  connecting  rod 
»€Te  infinitely  long : — 


Angfe  .4iOi?.     15''  {  30* 

AyA  .... 


:«    I   artfi   \   fjso 


45"  '  60" 


90' 


lOS'*    120"  I  135"  1 150"  1 165" 


il34     133    -293'  '500.    741   1  00  1259 1  500  1  707  1  867!  1 -966 


AA. 


1-96611 -867  1-707  1-500  1-259  1-001    741    -500!  -293     133 

I  <  I  <  I  I 


Examine  and  compare  the  numbers  in  these  Tables. 

Exercise.  3.  Steam  is  cut  off  in  both  in-going  and  out-going 
^truke  when  the  crank  has  travelled  80"*  from  the  beginning  of  the 
^roke.  Through  what  fraction  of  the  whole  stroke  has  the  piston 
'ravelle<l  in  each  case  ? 

What  would  these  fractions  be  if  the  connecting  rod  were 
iflfiniU'ly  long  ? 

5'  Conn.  rcxl. 


In-guing 
Out-going 


0:^7 
()4() 


Infinite 
Conn.  rcn\. 

0  415 


In  a  ven-  great  number  of  rough  cal(*ulati<»ns  it  is  sufficiently 
'""rrpct  for  our  purposes  to  drop  a  j>erpen(licular  />*  A  from  B,  the 
f"«ition  of  the  crank  pin,  upon  the  line  of  centn*s.  and  to  regard  A 
^  the  position  of  the  piston  in  its  stroke,  the  ends  of  the  stroke 
Nng  A^  and  A^  It  is  evident  that  in  this  craistniction  the 
Gumption  is  that  the  conm^cting  rod  is  infinitely  long. 

If  OB  is  an  eccentric  crank  (see  Art.  71),  it  will  l>e  found  that 
tiiis  construction  gives  the  position  of  the  valve  with  very  great 
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accuracy  indeed,  because  the  eccentric  rod  is  very  long  compared 
with  the  eccentricity  of  its  disc. 

The  student  will  notice  that  if  in  Fig.  96  ^  is  a  crank  pin  going 
in  a  circle  round  A^  and  if  the  block  B  moves  in  the  straight  slot 

CB  in  the  slide,  the  motion  of  any  point 
in  the  slide  is  like  that  of  a  crosdiead 
with  an  infinitely  long  connecting  rod. 
This  mechanism  is  sometimes  used  in 
small  engine& 

Again,  if  the  slot  is  curved  to  the 
arc  of  a  circle,  the  motion  of  the  slide 
is  exactly  the  same  as  that  of  a  cross- 
heiid  worked  by  a  connecting  rod  whose 
length  is  the  radius  of  the  slot. 

69.  It  is  easy  to  show  that  when 
the  piston  is  at  ^,  Fig.  95,  the  distance  A  B  represents  its  velocity 
to  scale  if  the  connecting  rod  is  infinitely  long.  The  velocity  at 
the  middle  of  the  \viih  0  is  equal  to  the  velocity  of  the  crank  pin  in 
its  path,  and  this  gives  us  the  scale,  because  at  the  centre  the 
velocity  is  represented  to  scale  by  the  radius  of  the  circle.  It  is 
easy  to  show  also  that  the  acceleration,  when  the  piston  is  at  J, 
iH  n»pn»HentiHl  to  scale  by  the  distance  OA,  The  acceleration  at 
A^  or  at  A^  is  001 1   ;iV  or  I'^'r  if  the  crank  is  r  feet  long,  making 


Fid.  Uj. 
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^ 


I 


3 
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V  \\\s\\\\\u\\\\  p.  J  nnnntt^  »»r  if  /•  is  the  volociiv  of  the  crank  pi^ 
Thi  >i»hl«nl  ihirt  nnujnlvr  thrti  if  the  weight  of  a  body  is 
I*  \\\  :\\  London  II  '  :^^  1^  is  uv  mass  in  engineers'  units,  and  bo** 
muluplusl  b\   a*\'«  |«  r,dii>n  is  !onv.     It  is  obvious  that  the  accel^ 


I  THE  RECIPROCATING  MOTION  123 

kting  force  at  the  ends  of  the  stroke  is  of  the  same  value  as  the 
^trifugal  force  on  the  same  mass  if  it  existed  on  the  crank  pin. 

70.  There  are  many  ways  of  proving  the  above  statements, 
(eie  is  the  easiest,  if  I  may  assume  that  the  calculus  will  in  future 
t  taaght  to  elementary  students.  The  fundamental  idea  of  the 
iknliis  is  that  of  a  rate  such  as  a  velocity  or  an  acceleration, 
lid  even  the  b^^inner  must  have  this  idea. 

• 

If  then  O  A ,  Fig.  da,  is  called  a:,  the  distance  of  the  piston  to  the  left  of 
iU  mid  stroke,  r  the  length  of  the  crank,  and  if  the  angle  A^OB  is  called  9,  then 

X  =  ra>8  $ (1) 

If  the  crank  moves  with  the  angular  velocity  q  radians  per  second 
(2m/B0  =  9,  if  n  is  in  revolutions  per  minute,  or  2t/  =  7,  if  /  is  what  scientific 
psQfife  call  the  /requencif,  or  the  number  of  complete  oscillations  per  second,  or 
^h  =  9  if  T  is  the  periodic  time  in  seconds),  then  0  =  qt  il  "we  count  time  t 
m  secoiMlB  from  the  position  where  $  =  0. 

Henoe  x  =  r  rosqt  =  r  cos  $ (2) 

Vek)city  r  =  —  =  -  rq  tinqt  =  -  rqein  d  (3) 

cU 

Aceeleration  a  = =  —  r(fc04  qt  =  -  rq-coM  0  =  -  q-x  .      (4) 

Evidently  the  velocity  is  greatest  at  mid  stroke,  and  is  ?*,  the  same  as 
tW  linear  velocity  of  the  crank  pin.  The  acceleration  is  greatest  at  the  ends  of 
tHe  itfoke,  and  is  then  ec|nal  to  the  centripetal  acceleration  of  the  crank  pin, 
ffor  4</v  or  4»«iiV/3600  or  r»/r. 

Notice  that  the  acceleration  is  numerically  e<iual  to  q^  times  the  <lisplace- 
■KBt  X.  This  is  the  characteristic  of  simple  harmonic  motion  (called  8.  H.  M.), 
tUt  the  acceleration  is  proportional  to  the  displacement.  The  subject,  like 
thrt  of  periodic  functions  in  general,  is  very  fascinating,  and  its  study  is  one  of 
^  most  important  for  all  engineers. 


CHAPTER  Vn. 


HOW  THE  VALVE  ACTS. 


71.  FiQ.  97  shows  an  eccentric.  I  want  a  student  to  under- 
Htand  at  once  that  an  eccentric  disc  and  rod  are  siinplj  a  crank 
pin  and  connecting  rod.  C>  is  a  shaft  to  which  the  eccentric  disc  or 
sheave  is  keyed  so  that  it  rotates  with  the  shaft.  The  eccentric 
strap  S  £  in  Fig.  97  consists  of  the  two  parts  SS  and  E  E  bolted 
together  so  that  they  embrace  the  disc  D  D  with  no  fear  of  their 


Pio.  97. 


slipping  off  sideways.  In  fact  SS  and  E  E  and  the  eccentric  rod 
E  A  are  all  like  one  rigid  piece  working  the  pin  A. 

Now,  it  is  evident  that  B,  the  centre  of  the  eccentric  disc,  most 
tiiove  in  a  circular  path  round  0,  the  centre  of  the  shaft  which  is 
tixt'd,  consequently  B  is  exactly  like  the  c(»ntre  of  a  pin,  a  veiy  klgB 
pin  D  D,  and  the  eccentric  straps  and  rod  are  simply  a  connecting  rod. 
It  is  the  great  size  of  the  pin  I)  D  which  disguises  this  fact  from  t 
bi'ginner. 

Thus,  if  the  points  A  B  0  of  Fig.  98  are  in  the  same  positions  as 
A  no  of  Fig.  97,  or  of  ABO  of  Fig.  99,  it  is  evident  that  their 
motions  are  the  samo.  Or  another  way  of  putting  it: — We  are 
jisked  to  work  a  jiuuip  or  slider  of  any  kind  from  the  shaft  // 
Fig.  100,  by  means  of  a  crank  ;  how  shall  we  do  it  ? 
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1.  We  can  cut  the  shaft  aa  in  I,  inserting  a  crank-pin  D  D. 
But  notice  that  as  we  have  cut  the  shaft,  we  cannot  transmit  much 
pow<^  through  it  for  other  purposes. 

i.  Do  as  in  /,  but  make  the  pin  larger  as  in  //,  larger  as  in  ///, 


"/f 


latga  still  as  in  IV.    Bat  if  this  is  made  the  pin  at  the  end  of 
a  conntKting  rod  we  call   the  arrangement   an   eccentric  disc  and 
ttcentiic  rod. 
Hence  we  take  Fig.  97  to  be  represented  by  Fig.  09.     We  call 


0  S  the  eccentric  crank.  A  B  being  thu  occcntric  ro<l  which  is  really 
«  coimecting  rod.  If  we  drop  the  perpendicular  B  A  from  ^  upon 
OA,  the  direction  of  motion  of  the  pin  A.  we  may  say  that  A  is  at 
the  dittuKe  0  A'  to  the  left  of  its  mid  stroke.    In  fact,  the  position 
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of  A  between  -4^  and  A^  represents  the  position  of  A  between  the 
ends  of  its  stroke. 

72.  Exercise  1.  An  eccentric  crank  is  2  inches  long,  when  the 
angle  AOB'y^  180°,  where  is  -4  ?  That  is,  say  how  far  yi  is  to  the 
right  of  its  mid  i)ositi()n. 

Ansivtr,  1"28G"  to  the  right  of  its  mid  stroke. 

2.  In  the  last  case,  when  ^^  0  ^  is  0^  45^  90*,  150^  220^  295% 
where  is  A  \     Tlie  answers  are  given  in  this  table. 

AlUXVCIB — 


Angle  .    .    .  !   0° 


i4,.4» 


I  _ 


0 


45 


•to 


.■;«*4" 


•580 


90" 


150- 

220** 

285* 
1155" 

3-732" 

3-532" 

73.  If  a  teacher  wishes  to  give  a  thorough  understanding  of 
the  simplest  valve  motion  to  his  students,  he  will  have  a  modtl 
made  something  like  what  is  shown  in  Fig.  101.  Let  no  one 
think  that  he  can  easily  arrange  a  better  model.  This  is  the  out- 
come of  many  years*  experience  in  the  teaching  of  students.  It  is 
meant  to  enable  students  to  understand  clearly  how  lap  and  advanxA 
aflfect  the  distribution  of  steam.  I  have  found  that  if  a  man  get! 
a  wrong  notion  about  lap  and  advance  at  the  very  beginning  of 
his  studies,  it  is  exceedingly  difficult  for  him  to  get  rid  oC  ll^ 
and,  although  it  seems  absurd  that  a  man  should  pick  up 
notion  about  this  simple  matter,  it  will  be  found  not  only 
but  probable. 

I^'t  then  the  student  have  a  large  model  to  work  with,  like 
is  shown  in  Fig.  101.     He  ought  to  Ix)  able  to  walk  all  round  ik. 
to  make  the  following  UK^asuremonts : — 

1.  There   is  a   gnuluatiHl   cin^le   which   enables   us   to 
accuraU^I y  the  angle  R  K  H  which  the  crank  K  H  makes  with 
line  of  centres  of  the  engine.     I  always  call  this  angle  $^  the  ai^gfe 
))assed  through  fi-om  the  near  dead  jxnnt. 

2.  There  is  a  graduated  scale  which  enables  us  to  measure  the 
distance  of  the  piston  C  from  the  outer  end  of  its  stroke. 

.S.  There  is  a  gm(luati»d  scale  which  enables  us  to  measure  the 
distance  of  thr'  valvr  W  IF  from  the  miihUe  of  its  stroke,  I  alwa}'S 
call  the  distance  of  the  valve  to  the  right  of  the  middle  of  its 
stroke, .''. 

4.  There  is  a  gnvduated  circle  L  which  enables  us  to  measure  ac- 
curately the  angle  which  the  eccentric  crank  is  ahead  of  the  main 
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crank.    For  I  am  enabled  by  my  model  to  vary  this  angle,  f 
could  iinkey  my  eccentric  disc  and  key  it  again  in  a  new  pc 
I  do  not  use  keys,  however,  but  fasten  it  in  any  position  I 
by  means  of  a  bolt  N  and  slot  S  in  (3).     When  I  do  chan| 
position  of  the  eccentric  disc,  I  like  to  know  how  much  ahead 
main  crank  it  is. 

Ahead,  what   do  I   mean   by  ahead  ?    I    moan   ahead 
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arrow,  Fig.  102,  shows  the  direction  of  motion.  In  the  p 
of  things  in  Fig.  102,  0  B  is  the  main  crank,  0  C  is  the  ea 
crank,  and  the  angle  B  OC  is  what  I  like  to  measure.  The 
BOC  is  always  greater  than  90°,  and  the  amount  by  wh 
exceeds  90""  is  called  The  Advance.     This  is  HOC. 

In  my  model  it  would  bo  difficult  to  take  off  one  eccentri 
and  put  on  another;  I  should  like  to  do  something  like  this  beci 
is  important  to  change  the  eccentricity  of  the  eccentric,  that 
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length  of  the  eccentric  crank.  Now,  on  my  model  I  do  what 
very  nearly  to  the  same  thing.  I  do  not  let  A,  of  Fig.  103,  wc 
valve  directly.  Aisfi  pin  on  the  lever  GEy  the  pin  G  being  fi 
the  fulcrum,  and  I  am  able  to  change  the  position  of  this  fulcr 
raise  it  or  lower  it,  without  altering  the  positions  of  A  or  B, 


in 
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br  changing  G  we  cause  the  motion  of  j&^  to  be  greater  or  less  in 
imoant,  but  it  is  always  a  magnification  of  ^'s  motion.  In  fact,  by 
dianging  G^  we  alter  the  half  travel  of  the  valve  just  in  the  same 
wiy  as  if  we  altered  the  eccentricity  of  the  eccentric.  Therefore 
OQ  my  model  I  have  the  power  of  altering  the  half  travel  and  the 
advance. 

It  might  be  said  that  since  the  eccentric  is  really  a  crank,  we 
oaght  to  use  a  crank  for  it  on  the  model,  and  then  it  would  be  easy 
to  alter  its  length  and  so  get  a  dififerent  travel  of  valve  without 
using  a  lever.  But  in  the  first  place,  a  student  would  prefer  to  see 
on  the  model  an  actual  eccentric ;  secondly,  the  lever  is  a  very  good 
▼ay  of  altering  travel ;  thirdly,  using  the  lever  enables  us  to  put  the 
valve  ahcve  the  cylinder  and  the  motions  of  the  parts  are  all  visible 
to  a  class  of  students. 

Now  when  the  model  is  being  used  let  the  student  imagine  that 
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^  half  travel  of  the  valve  is  really  equal  to  the  eccentricity  of  an 
eccentric  working  the  valve  directly  without  a  lever  as  the  valve  is 
»'>rked  in  Fig.  15. 

I  am  in  the  habit  of  showing  the  valve  motion  alove  the 
pist'^n  motion,  as  in  Fig.  106,  and  the  student  must  get  to  imagine 
tte  main  cnink  C  and  the  eccentric  cmnk  E^  to  be  revolving  at 
'h«?  ^ame  rate.  He  ought  to  make  use  of  such  a  diagram  as 
Rj?.  107,  whore  the  eccentric  crank  0  C  is  shown  in  its  projKT 
•ngiilar  position  ahead  of  0  B  the  main  crank. 

Let  the  valve  be  drawn  in  its  middle  position  as  in  Fig.  104. 
The  distance  A  B  or  G  H  is  called  the  outside  laj) ;  the  distance  C  D 
f^EFis  called  the  inside  lap.  The  outside  lap  is  often  oalh^d  the  lap. 
In  mv  model  I  can  at  once  alter  the  amount  of  the  outside  hv  means 
rfthe  screw  marked  0,  or  of  the  inside  lap  by  the  screw  /,  or  reduce 
Aeiii  lo  nothing. 

The  most  important  thing  for  a  beginner  to  understand  is  that 
What  w«  miter  the  advance  and  the  lap  and  the  half  traTel, 
W%  alter  the  distribution  of  steam  in  an  engine  cylinder. 


K 
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I  have  heard  of  very  few  real  engines  in  which  an  attempt  haiii^* 
been  made  to  vary  the  lap  when  the  engine  is  running.  Here  we^n 
only  indicate  such  a  variation  so  that  students  may  observe  thexi 
effect  of  more  or  less  lap  on  a  mere  model.  ^^ 

Exercises  ivith  the  Model. — (1)  Let  a  student  adjust  so  as  to  have>^ 
no  outside  or  inside  lap.  Let  the  eccentric  crank  be  at  right  angles  i|» 
to  the  main  crank.  This  is  what  we  call  the  normal  valve  with  not;) 
advance.  On  working  the  model  it  >vill  be  found  that  steam  isi^ 
admitted  and  cut  off  at  the  ends  of  the  stroke  so  that  there  is  no>| 
expansion. 

(2)  It  is  now  worth  while  to  see  what  is  the  effect  of  trying  sonie^ 
lap  and  no  advance,  or  no  lap  but  some  advance,  and  I  leave  this  \As^ 
the  student   himself.     He   ought   to  draw   the   possible   indicator  i^ 
diagrams,  and   this  is  an  excellent    exercise   even    for  the  most ; 
advanced  students  who  know  the  effects  of  speed.  ;. 

(3)  Give  lap  to  the  valve.    Advance  the  eccentric  beyond  the  nor- 
mal position ;  this  additional  angle,  which  is  the  excess  beyond  90"*  by 
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which  the  eccentric  is  ahead  of  the  main  crank,  is  called  the  advanos. 
It  will  now  be  found  that  we  effect  our  purpose  of  cutting  off  before 
the  end  of  the  stroke.  After  a  student  has  watched  the  effect  he 
has  no  difficulty  in  discovering  the  reason. 

74.  In  Fig.  104  the  full  lines  show  the  valve  in  its  mid  positioD. 
I  shall  speak  only  of  what  occurs  to  the  left-hand  port  B  C,  The 
dotted  lines  show  the  valve  displaced  to  the  Hght  of  its  mid  position 
by  a  distance  which  I  call  x.  That  is.  A  A^  \&  x.  Now  the  opening 
of  the  port  to  steam  is  B  A\  or 

Opening  to  steam  =  a:  —  outside  lap.     .     .     . 

If,  therefore,  for  any  position  of  the  piston  or  crank  we  want  to 
know  what  is  the  opening  of  the  jx)rt  to  steam,  our  only  difficulty  is 
in  finding  x. 

Again,  look  at  Fig.  105,  where  the  dotted  lines  show  the  valve 
dis})laced  to  the  left  of  its  mid  jH)sition.  I  often  call  this  displace- 
ment D  D'  by  the  name  y,  although  it  is  merely  a  negative  x.    Tbe 
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ming  of  the  port  to  exhaust  is  C iy\  and  CD  being  the  inside 
),  we  see  that 

Opening  to  exhaust  ==  y  —  inside  lap    ....    (2). 
The  problem  to  be  solved  is : — For  a  given  position  of  the  piston, 
bat  is  the  opening  of  the  port  to  steam  or  exhaust  ? 

If  we  are  told  the  position  of  the  piston,  it  is  easy  to  find  the 
ntion  of  the  main  crank  (that  is,  the  angle  6,  which  it  makes  with 
le  dead  point),  and  hence  our  problem  really  is,  "  When  we  know 
here  the  main  crank  is,  where  is  the  valve  ?  " 

That  is,  if  5  is  given,  what  is  a;  ?  We  have  a  very  easy  way  of 
Dswering  this  question,  and  it  must  be  very  clearly  understood  that 
bis  one  simple  answer  is  really  the  key  to  all  the  problems  which 
ome  before  us.  If  we  know  the  distance  of  the  valve  to  the 
igfat  of  its  mid  stroke,  we  need  only  subtract  the  lap  and  we  at 
ooe  know  how  much  opening  there  is  to  steam  ;  or  if  we  know  the 


\ 
I 
I 

/ 
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iistance  of  the  valve  to  the  left  of  mid  stroke,  we  subtract  the  inside 
ap  and  we  see  the  opening  to  exhaust. 

Think  of  the  valve  V  being  worked  directly  as  in  Fig.  lOG  by  the 
acentric  crank  J?^  on  a  shaft  on  the  same  level  as  the  valve,  this 
haft  revolving  exactly  at  the  same  rate  as  the  main  crank  shaft  so 
hat  Cand  E}  are  at  the  same  angle  with  one  another  always;  for 
inv  position  of  C  the  position  of  E}  may  be  drawn,  and  the  displace- 
nent  of  the  valve  is  easily  found. 

Notice  that  OB  (Fig.  107),  the  main  crank  i)osition,  being  given, 
ire  draw  OC(to  represent  by  its  length  the  half  travel  of  the  valve 
»r  the  eccentricity  of  the  eccentric),  and  we  take  care  that  0  C  shall 
Jtr  ahead  of  OB  by  an  angle  equal  to  DO'' -f- advance.  Tht»  student 
?an  have  no  difficulty  in  seeing  that  the  valve  is  the  distance  0  C 
/>  the  right  of  its  mid  stroke,  and  this  is  x  which  wx»  want  to  know. 
Btr«  then  ii  a  rale.  We  may  carry  it  out  as  in  Fig.  107.  OB 
is  given,  that  is,  the  angle  A  0  B  in  given  ;  make  BOD  —  OO"*,  make 
DO (7  the  advance,  let  0  C  be  the  half  travel,  drop  the  perpendicular, 

md  0  C^  is  the  answer. 

K  2 
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75.  But  the  rule  is  thought  to  be  a  little  too  clums 
events  there  is  a  much  simpler  rule  invented  by  Zenner 
AOG  (Fig.  108)  horizontally  to  represent  the  dead  point 

or  centre   lin< 
Q  !  engine.  Draw 

right  angles  t( 
Make  the  ang 
equal  to  the  ; 
and  produce  L 

Set  oflF  0  j&  = 

the  half  trav< 
0^  and  OH 
meters  describe 
We   now  have 
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gram  which  \ 
what  we  want  with  much  less  trouble  than  before.  It  will  I 
that  if  we  draw  the  direction  OB  oi  the  main  crank  from 
distance  0  B^,  is  the  very  answer  wanted  by  us ;  the  distance 
the  distance  of  the  valve  to  the  right  of  the  middle  of  it 
when  the  main  crank  is  in  the  position  OB.  Thus  in  F 
I  have  shown   the  main  cmnk  in  a  number   of   positions. 


>h^^.u»r^s  on  ivpn^sont  in  every  case  the  distance  of  the  va 
"''./'^  //    /*'  /"''''"^  P^'^^^^"-    Tl^^  distances  OB^  are  dis 
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if  Btodeats  see  how  the  rule  is  arrived  at  they  ought  to 
rctses  by  the  method  of  Fig.  107,  and  also  by  this  method, 


ch  case  they  ought  to  test  the  accuracy  of  their  i 
<odel. 

if  Fig.  Ill  is  a  Zeuner  diagram,  the  angle  FO  E  being  the 
the  diHtaaces  0  A'and  OH  being  each  the  half  travel,  Oil 
e  dead  point 
With  radius 
il  to  the  out- 
leseribe  the  arc 
With  radius 
I  to  the  inside 
:ribe  the  arc 
Sow  note  that 
ihese  arcs  will 
subtraction  (of 
X,  of  inside  lap 
without  giving 
trouble.  Thus 
is  any  position 
tin  crank  ;  0  B 

as  0  •$  it)  the 

shows    at    a 

he   opening  of 

to   steam.      Again,   if  O  Ji^  is   the   position   of  the  main 
B^  a  ^,  the  distance  of  the  valve  to  the  left  of  its  new 
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position;  and  as  0  F" is  the  inside  lap,  the  distance  VS^  shows 
glance  the  opening  of  the  port  to  exhaust. 

76.  Example  1.  Find  the  positions  of  the  main  crank  whcr 
valve  is  just  opening  the  port  to  steam  (we  call  this  the  admissi 
when  just  closing  to  steam  (we  call  this  the  cut  off);  when 
opening  to  exhaust  (we  call   this  release);   when  just  closing 
exhaust  (or  when  compression  is  beginning). 

An8wei*8.  Produce  0  A,  0  K,  0  M,  and  GC,  axid  these  are  the  ] 
tions  required. 

Example  2.  Where  is  the  main  crank  when  the  port  is  most  < 
to  steam  ?    Answer.  In  the  position  0  K 
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Example  3.  Where  is  the  main  crank  when  the  port  is  i 
open  to  exhaust  ?     A7tswer,  In  the  position  0  H. 

Example  4.  At  the  beginning  of  the  stroke  what  is  the  ope 
of  the  steam  jwrt  ?  Aiis^rcr.  B^  Q,  Observe  that  £^  Q  is  called 
lead  of  the  valve. 

77.  Proof  of  our  araphical  Rule.  If  the  student  has  di 
Fig.  107  and  Fig.  108  for  the  same  half  travel,  advance  and  ^,  he 
find  that  the  triangle  COC^  (Fig.  107)  is  exactly  the  same  as* 
triangle  £  0  B^  of  Fig.  108,  and  of  course,  if  this  is  so,  the  rule  n 
no  further  pnK>£ 

E  0  is  the  diameter  of  a  circle,  and  as  the  angle  in  a  semicin 
always  a  right  angle,  the  angle  E  B^  0  is  a  right  angle.  Also  we  r 
0  E  the  siune  as  OC,  or  the  half  tnivt'l.     Now,  in  Fig.  107 

^  +  90°  +  a  -h  COC  ^  180' 
and  in  Fig.  108,  0  +  a  +  EOB^  =  90' 


ni 
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It  is  therefore  obvious  that  XOB^  =  COC^.    Hence  wc  have  two 
nght-angled  triangles,  whose  hypotenuses  are  equal,  and  one  other 
iogle  in  each,  therefore  the  triangles  are  the  same,  and  OC^  ^  0  i»\. 
It  is  easy  in  the  same  way  to  see 
(hat  the   intercepts  on  the  lower 
Zeoner  circle  represent  displace- 
ments of  the  valve  to  the  left  of 
its  mid  position. 

All  that  I  have  stated  here 
might  have  been  given  in  a  few 
words,  and  indeed  the  whole  thing 
is  exceedingly  simple,  but  I  advise 
a  student  to  work  exercises  like 
the  above,  and  make  very  sure 
diat  he  understands  the  rule  and 
its  proof. 

78.  Having  the  positions  of 
ike  main  crank  of  the  engine  when 
the  four  events  take  place,  to 
draw  the  hypothetical  indica- 
tor diagram.  Neglecting  the 
angularity  of  the  connecting  rod, 
it  is  obvious  that  this  is  the  answer; — With  0  as  centre  describe  any 
coDTenient  circle,  E  C RE^  KA,  Fig.  112,  and  project  from  the  points, 
A,E,  C,  izc,  in  a  direction  at  right  angles  toEO  E\  the  line  of  centres. 
Evidently  -^,,  Cj,  ^i,  JC^  show  where  the  piston  is  relatively  to  the  ends 
of  the  stroke  £  and  E^  when  the  four  events  take  place.  Draw  KE^ 
uxi£(7  parallel  to  £E^  to  represent  the  admission  and  back  pressures 

to  any  convenient  scale  of  mea- 
surement.    It  is  not  necessary  to 
indicate  the  zero  line  of  pressiue. 
Draw  the   ex|)ansion  curve  CB, 
the    compression    or   cushioning 
curve    KA,    the    release    curve 
BE'  and  the  admission  AE.    It 
is  only  necessary   to  draw  these 
reasonably  like  what  such  curves 
usually  are,  but  it  is  convenient 
to  have  sharp  corners  to  remind 
U8  that  we  are  studying  the  times  of  occurrence  of  four  important 
events.     When  a  student  has  inked-in  such  a  diagmm  as  the  above, 
ui  red,  he  may,  if  he  thinks  it  worth  while,  round  the  comers,  to 
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show  that  the  events  will  really  occur  gradually,  with  a  certain 
amount  of  wire  drawing,  as  shown  in  Fig.  113  in  the  dotted  lines. 
I  advise  the  student  not  to  draw  these  dotted  lines,  however.  It 
is  well  to  know  that  the  inside  lap  is  sometimes  a  negative  quantity 
in  quick-moving  engines,  and  the  points  C  and  £,  Fig.  41,  now  find 
themselves  on  the  OB E circle. 

If  a  student  neglects  the  angularity  of  the  connecting  rod,  and  if  there  k 
the  same  lap  for  both  ends  of  the  cylinder,  having  drawn  the  diagram  for  one 
end,  he  has  the  diagram  for  both  ends  ;  but  if  he  wishes  to  take  account  of  the 
angularity  of  the  connecting  rod,  let  him  project  the  points  in  the  figure  to  Um 
diameter,  not  by  a  set  square,  but  by  the  template  of  Fig.  93.     Thus  he  wiQ 


Fiu    114. 


Fio.  115. 


obUin  the  ponitions  of  the  piston,  A^,  C|,  If^  and  A',  (Fig.  114),  when  the 
four  events  occur.  If  he  projects  from  these  points  by  lines  at  right  angles 
to  EO  A**,  and  proceeds  as  l>efore,  he  will  get  the  more  prolwble  indicator  diagrmm. 
For  the  other  side  of  the  cylinder,  iuHtead  of  taking  a  short  cut  to  the  answer, 
which  ought  at  once  to  Huggcst  itself  to  the  8tu<lent,  let  him  draw  the  acioal 
positions  of  the  crank  when  the  four  events  take  place ;  that  is,  let  him  set 
0.4,.  OC,.  0/?and  OA'of  Fig.  114  forward  \m\  Thus  he  will  have  Fig.  115; 
pn>jecting  on  the  line  of  centres  A' OAT*  with  a  template  as  before,  and  then 
projci^ting  with  8trai>{ht  lines  at  right  anglfK  to  EOK^^  we  may  draw  the 
diagram  h?  Cli  E  K  of  Fig.  115.  The  student  who  carries  this  out  must  mediUte 
on  the  fact  that  in  the  in  stroke  there  ih  a  longer  admission  than  in  the  o«l 
stroke.  If  we  want  to  reme<ly  this,  we  can  <lo  ho  by  diminishing  the  lap  on  the 
out  stroke  side,  and  this  is  often  done  in  marine  engines  where  the  weight  ol  the 
piston  and  other  parts  must  be  lifted  in  the  oti/  or  up  stroke. 
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IiMtead  of  drawing  two  figures  like  114  and  115,  let  the  student  who  has 
drawn  Fig.  114  merely  produce  the  lines  OAi,0  Cj,  &c. ,  and  draw  Fig.  115  on  the 
top  oi  Rg.  114.  This  will  probably  bring  home  to  him  better  the  effect  of 
angnlarity  of  the  connecting  rod  in  altering  the  diagram.  He  will  have  both 
hii  diagrams  oo  one  sheet  of  paper  just  in  the  positions  in  which  we  usually  find 
them  when  taking  diagrams  as  shown  in  Fig.  78. 

70.  Exercise.  In  each  of  the  following  cases  find  the  positions 
•)f  the  main  crank  at  admission,  cut  off,  release,  and  compression. 
FuKlalso  the  lead.  The  outside  lap  is  0*52  inches,  inside  lap  01 5 
inches. 


tnrd  tn 


210 
li» 
1*42 
1-2S 


1 

AdTKDce 
in 

<lC|pMS« 

AAMwerM 
Positions 

in  degrtt*. 
or  Crank. 

Admission. 

Cut  off. 

Release. 

!         25 
39 
51 
67 

1    lor 

21 0' 
29-5» 
43-(r 

Before 
beginning 
'  of  stroke. 

39y 

67 -O*^ 
72-5' 
91-0' 

Before 
end  of 
stroke. 

20-9' 
33-9° 
44 -Q' 
60-3' 

Before 
end  of 
stroke. 

iu  iucheH. 


Compressioi). 

29r 
44r 

571' 
73-7' 

Before 
beginning 
of  stroke. 


0-37 
0-54 
0*58 
0-66 


For  each  of  the  above  cases  let  the  hypothetical  indicator  diagram 
be  drawn  by  beginners.  Advanced  students  will  draw  diagrams  for 
the  two  sides  of  the  piston  on  the  assumption  that  the  connecting 
rud  is  five  times  the  length  of  the  crank. 

80.  Three  Important  Ejierci&csfor  Beginners, 

In  each  of  the  following  cases  find  the  positions  of  the  main 
crank  at  admission,  cut  otf,  release,  and  compression.  Draw  the 
hypothetical  indicator  diagrams.  Elach  of  them  shows  the  sort  of 
change  that  occurs  when  we  shift  one  of  the  usual  geai-s  employed 
to  work  slide  valves.  In  each  case  the  lap  may  be  taken  to  be  0'8" 
ftod  the  inside  lap  0*3". 

I.  A  Stephenson  or  Allan  link  motion,  open  rods. 

IL  A  Stephenson  or  Allan  link  motion  with  crossed  n^ls. 

IIL  The  Gooch  or  Stewart  Finck  moticm  or  any  of  the  numerous 
Icirms  of  radial  valve  gear. 

I. 


Half  trmvel  in  inches  .    . 

L>r>o 

3l» 

21U 

1 

1-70 
j^»-9 

1  :^i 

Advmooe  in  degrees     .   . 

,    69-2 

1 

1 
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Half  travel  in  inches  .    .    . 
Advance  in  degrees    .    .    . 

2-50 
30 

2-00 
86-3 

1-55 
46^ 

1*20 
63*2 

III. 

2-50 
30 

Half  travel  in  inches  .   .   . 

2-05 
38 

1*65 
49-3 

1-35 

eo6 

Advance  in  degrees     .   .   . 

The  advanced  student  will  draw  these  indicator  diagrams  for 
both  sides  of  the  piston,  assuming  a  connecting  rod  five  times  the 
length  of  the  crank.  The  lesson  to  be  learnt  by  the  elementary 
student  is,  however,  the  more  interesting.  This  is  one  of  the 
cases  in  which  actual  drawing  by  a  student  himself  is  of  the 
greatest  importance.  If  he  uses  four  different  colours  of  ink  for 
each  set,  and  meditates  on  his  results,  he  will  get  exact  notions  of 
what  occura  when  we  shift  from  full  gear,  giving  more  and  mora 
expansion  in  each  of  the  above  cases.  He  will  note  that  in  L  the 
lead  increases  with  more  expansion ;  in  II.  it  diminishes,  whereas 
in  all  such  gears  as  III.  the  lead  is  constant  at  all  grades  of  ex- 
pansion. It  would  be  easy  for  me  to  give  these  interesting  diagrams, 
but  a  student  can  draw  them  all  in  much  less  than  an  hour. 

I  shall  now  pnxjoed  to  show  how  by  means  of  the  various  gears 
we  can  produce  the  above-mentioned  changes  in  the  distribution 
of  steam. 

A  more  advanced  treatment  of  the  subject  will  be  found  in 
Chap.  XXVIII. 

81.  It  is  worth  while  to  mention  that  many  small  steam  engines 
which  we  wish  easily  to  reverse  (such  as  steam  starting  engines,  &a) 
have  no  lap  and  only  one  eccentric,  with  no  advance.  A  simple  slide 
valve  converts  the  stoaiu  s^mce  into  an  exhaust  space,  and  vieeveni. 
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8S.  We  now  know  that  if  0  C(Fig,  116)  represents  the  main  crank 
of  the  engine,  and  if  0  A  is  the  eccentric  crank ;  knowing  the  outside 
lod  inside  lap  of  the  valve,  if  we  also  know  the  angle  BOA  (the 
adniice)  and  OA  (the  half  travel),  we  know  the  probable  indicator 
diagram.  Now  imagine  that  we  have  a  ^eans  of  suddenly  increasing 
the  advance  of  the  eccen- 
tric to  DOA^  and  of  ^  V  A 
making  the  half  travel 
leas;  let  O  A^  represent 
it :  it  is  evident  that  we 
^l  alter  the  nature  of 

the  distribution  of  steam.      

Imagine  that  we  have  a  ^ 

tuethod  of  suddenly  alter- 
ing the  position  of  the 
««ceDtric  0^  to  the  posi- 
ttooOA  A  student  mu^^t 
»e  that,  by  doing  this  we 
have  completely  altered 
the  motion  of  the  valve  and  made  it  suit  a  reversed  direction  of 
^uotion  of  the  engine.  But  there  is  no  great  satisfaction  in  mere 
^^ook  studv  of  thii? ;  we  must  have  before  us  an  actual  model  of  an 
♦ngine.  such  as  my  own,  in  which  I  am  able  suddenly  to  slacken  the 
twtening  of  the  eccentric  disc  to  the  shaft  and  let  it  change  from 
'he  0  A  X<y  the  OB  position,  and  it  at  once  becomes  evident  that  we 
have  reversed  the  engine.  There  is  no  great  satisfaction  in  putting 
this  subject  before  the  student  without  some  kind  of  model.  A 
bright  lad  takes  in  some  sort  of  idea  of  what  occurs,  and,  mainly  by 
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feith  in  his  books,  believes  he  sees  the  whole  thing  clearly.  But 
what  a  pity  it  ia  that  there  should  not  be  a  model  to  show  one's 
class  exactly  how  it  is  that  if  the  valve  was  going  successively  through 
the  positions  6,  7,  8,  9,  &c.,  Fig.  20  ;  the  shittinff  of  the  eccentric  altera 
it  so  that  it  is  going  through  the  positions  G,  5,  4,  3,  &c. 

Now  this  slackening  and  refastening  of  tho  eccentric  is  a  plan 
that  has  often  been  carried  out,  but  we  effect  exactly  the  same 
object  in  the  following  way. 

83.  There  are  six  kinds  of  link  motiOD  and  perhaps  ten  good 
kinds  of  lUdUl  ralT*  K«ar.  They  are  employed  in  working  the 
common  elide  valve,  and  they  enable  ns  to  alter  tho  advance  and 
half  travel  of  the  valve,  letting  the  engine  go  in  either  direction. 

There  are  two  eccentrics  A  and  B,  one  in  the  position  0  .^  of  Fig. 
116  (see  also  Figs.  284,  &c.),  the  other  in  the  position  0£,  being' 


symmetncally  placed  relatively  to  the  main  crank.  Their  rods  end 
in  pins  on  a  slotted  link,  which  is  hung  from  the  reversing  link  0. 
When  G  is  lowered  to  the  position  known  as  full  forward  gear  the 
i-ccentric  A  alone  works  the  valve  because  a  block  on  the  end  of  Ute 
valve  rod  VB  keeps  in  the  slot.  When  G  is  raised  hig^,  the 
eccentric  B  alone  works  the  valve.  Fig.  117  shows  the  link  in  what 
is  called  mid  gear,  and  it  is  evident  that  by  lifting  and  lowering 
the  link  we  have  many  conditions  of  working  that  are  intermediate 
between  full  forward  and  full  back  gear.  It  is  quite  easy  to  show, 
but  it  is  a  little  beyond  the  scope  of  this  very  elementary  treat- 
ment of  the  subject,  that  intermediate  positions  of  the  gear  mean 
a  les.t  travel  and  a  greater  advance  than  the  two  extreme  positiona. 

It  a  only  when  the  main  cnnk  it  in  itn  ouUrmoat  position,  nioat  nmoU 
from  the  cylinder,  that  we  look  at  the  croKKin^  cir  non  crasaing  of  the  rodi  wImb 
wo  want  a  name  for  the  valve  motion,  becauite  any  one  can  «aaily  n»  that  vtutt 
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rods  will  Appear  crosaed  in  certein  positiooB  of  the 

a««A'*  Uak,  shown  in  Fig.  119,  i*  not  lifted  or  lowered,  it  merely 
ningi  ncAfly  bofizoat«lly  hanging  from  B.  A  block  S  is  lifted  or  lowered  in 
the  (lot  of  the  link,  and  thia  block  ia  at  the  end  of  a  radiun  bar  D  which  gives 


rn.lU.-Aiu> 


tkaTalveitamotioii.     In  the  aiimb  Unk  motion.  Fig.  IIS,  the  straight  link  £  is 
knrered,  and  the  radinR  bar  block  is  lifted,  or  the  link  ia  lifted  and  the  radius 
W  Uock  ia  lowered.     We  ntay  put  it  in  this  way— 
To  change  the  gear— 

Steiriienson,  link  lowered  or  isiaed,  bloei  not. 
Gooch,  block  raised  or  lowered,  link  not. 

Allan,  Unk  lowered  when  block  raised.or  link  raised  when  block  lowered 
bt  any  tA  these  we  may  have  either  open  or  crossed  eccentric  rods,  ho  that 
Itee  ue  n*Uy  aix  varieties  of  link  motion.     The  Stephenson  motion  with  open 
rods  is  much  more  generally  in  use  than  any  of  the  others. 

links  are  either  of  the  "  slotted  "  or  "  solid  bar  "  or  "double  bar"  fonns. 
In  the  second  and  third  forms  the  ends  of  the  eccentric  rods  may  be  in  thearc  of 


welch  >lult  P  raiun  D  K  to  Hh  or  till. 


of  the  block.  Only  in  the  double-bar  form,  now  m 
le  engines,  can  the  end  of  either  eccentric  rod  really  ci 
no  udvantat^e  in  such  coincidence. 


84.  To  Shift  the  Gear. — In  locomotives  it  is  very  usual  to  have  a 
Iner  like  that  of  Fig.  63  on  the  footplate  of  the  engine.  Bj  means  of 
lUi  both  eogines  are  shifted  in  gear  at  the  same  time.    See  Fig.  62. 
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Note  that  as  there  are  two  cylinders  on  a  locomotive,  and  there- 
fore two  link  motions  and  therefore  four  eccentrics,  the  whole  gear 

looks  very  much  more  diffi- 
cult to  understand  than  it 
really  is. 

In  a  stationary  engine 
with  link  motion,  if  the 
engine  is  small,  a  reversing 
lever  like  that  of  Fig.  63  is 
used.  But  if  the  engine  is 
larger,  so  that  the  gear  is 
more  massive,  even  if  its 
weight  is  balanced,  it  is 
usual  to  employ  a  capstan 
wheel  and  worm  gearing  if 
the  gear  is  to  be  shifted  by 
hand,  and  in  the  largest 
marine  engines  a  special 
engine  is  employed  to  give 
power  to  shifl  the  valve 
gear  quickly.  This  is  one  of  the  things  which  make  a  marine  engine 
complicated  looking.     Imagine  20,000  horse-power  to  be  given  out 


FlO.  120.— AEMIKOTOy  AND  SiMS  EtXTEKTRIC. 

The  Armington  and  Sim«  eccentric  disc  ia  really  in 
two  parta,  A  and  B.  The  governor  caiisen  a  relative 
motion  between  them,  no  that  nometimes  there  in  a 
large  throw  and  about  80°  advance,  and  sometimes  a 
smaller  throw  and  a  greater  advance. 


Fio.  IJl 

Illiwtratlng  how  wc  shift  the  links  in  small  cuKlnei*.    Wliero  tho  weigh  shaft  A  turns  it  mofW 

all  tlio  links. 

by  two  triple  cylinder  enp^ines  which    have  six  link  motions  with 
their  twelve  eccentrics — all  to  be  shifted  simultaneously. 

Fig.  121  .shows  the  Civi)stan- wheel  JF,  turning  a  screw  on  which 
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k  nat  tnovee  so  that  the  weigh  shaft  A  turns  od  itsi  axis  through  an 
uigl«,  which  enables  aims  A  B  and  B  C  to  shift  each  link  of  two  or 
three  cylinder  engines  at  the  same  time.  This  is  a  common  reversing 
motion  for  small  compound  engines. 

For  engines  of  about  2,000  horse-power  and  upwards,  we  some- 
tunes  have  a  hand  wheel  or  lever  which  moves  a  slide  valve  on  a 
small  steam  cylinder ;  this  admits  steam  to  one  side  or  the  other  of  a 
piston,  whose  motion  like  that   of 
the  above  nut  W,  causes  the  weigh 
■baft  to  turn. 

In  Brown's  gear  there  is  a 
"  cataract "  piston  on  the  auxiliary 
steam  piston  rod  to  prevent  too 
n{»d  motion.  The  motion  causes  the 
auxiliary  engine  valve  to  come  back 
to  its  shut  position.  There  is  always 
■a  independent  hand  gear  attached 
lo  the  steam  gear  for  use  in  case  of 
ModmL  Brown  uses  also  a  simple 
govonor  arrangement  which  brings 
ill  the  links  to  mid  gear  if  the  en- 
gine exceeds  a  certain  critical  speed. 
In  some  modem  locomotives  the 
pnssure  of  steam  or  the  pressure 
"f  air  ;in  caw?  the  Weatinghoiise 
Itnk^  is  used  on  the  train)  is  usi.il 
biasisist  in  shifting  the  goar,  A'l!ilhi■«!i^^-i!^".(^^^E^'^^e^n-vt™'iNl< 

85.  Backworth oear.  Thisis  :?:l^i;!:'vlr!.';;;ij;';;mJl;i^',('!;."y m.^' iirk".!u^ 

ihe  parent  of  allthe  radial  ffeari.  '^X^ilA't  u£  ;;!'<irn>.^.t«  ^lE^'^*'  "' 
Itis shown  in  Fig.  12:^,  ns  appliLMl 

t-isTt-rticstl  engine.  The  ccci'h trio  disc  is  jihictil  IHO"  away  from 
'^  uiain  crank.  The  block  B  at  the  end  of  the  t-cccntrio  i-od  cim 
■li'ie  io  a  slot,  which  is  often  straight,  but  may  be-  curved  The 
['in  D  in  the  eccentric  rxl  works  the  valvi-. 

To  altvr  this  gear  wi-  nwrfly  altir  the  angli-  i>l  inclination  of  the 
'l"t  to  the  horizontal.  lu  furward  gi'ar.  it  ini'ltm-s  njiwanN  as  shown. 
If  wi-  wish  to  n-vorst-  the  t-nginr.  wi-  must  liim  it  round  mt  that 
It sii>]M's  downwards.  The  hand  wheel  6',  and  worm  £,  working  on 
tie  worm  sector  f,  arc  usiil  for  revei-snl  ur  alteration  of  the  gear. 


IlNtCMlof  kolllt  t'M 

It  ucviilMll  that  /f  nil 
this  form  uf  th«  g.-ar  .< 


I  "Bidding  link  (XJ H)  ;l  Kig.  I'.M. 
cin-lfwith.VaiccntK.  To n-virix- 
r*>rj  HI'  Imt'c  inervly  lo  niovc  .V 
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rountl  the  dotted  p&th.  For  convenianoe  in  doing  thia,  JST  U  nnially  *  pin  at 
tb«  end  of  bn  arm  (.V  L),  and  by  moving  tbii  »nn  kbout  L  u  »  oentK,  Um  gmr 
is  ihifleil.  The  Angstrom  gear  (Uw>  is  limply  the  Hackworth,  in  which  tlw 
guidance  of  fi  in  a  ne&rly  str&iglit  path  is  effected  by  using  a  panUel  motton. 

86.  Joy  Oear.  Fig.  126  shows  the  Joy  gear.  C  is  the  croeshead, 
C£  being  the  direction  of  its  motion,  the  centre  line  of  the  engine. 
K  is  the  crank  pin.  J  is  a  pin  on  the  connecting  rod,  one  end  of  the 
link  JL,  the  other  end  L  swinging  in  the  arc  of  a  circle,  of  which  the 
fixed  pin  M  is  the  centre. 

Notice  tlmt  the  point  J  moves  nearly  in  an  ellipse,  shown  dotted 
1*8  </A'     The  pin  A  in  the  link  JL  moves  in  a  curve  A  P  which  is 


lopsided  in  shnpe.  Now  the  link  ABD'xs  important.  We  know  the 
path  of  A.  The  pin  i^  is  in  a  sliding  block  which  moves  in  the 
curved  liovetailed  groovu  or  slot  QR.  The  pin  D  works  the  valve. 
Fig.  12()  shown  the  position  of  the  groove  for  full  forward  gear. 
Changes  in  its  inclination  cause  changes  in  the  gear. 

S7.  Notice  that  the  Haokworth,  Joy,  and  many  other  gears  aatiafy  tUa 
delinitinn,  " There  in  o  jHiie,  one  jHiint  of  whioh  (^]  moves  in  a  curve  mora  of 
Iciu  nearly  circular  (in  tin-  Huukwortli  it  ih  truly  circular,  becauM  .li  is  Iha 
centre  of  an  eci^cntrii:  Hheuve)  i  anutlivr  jMiint  (It)  hn«  a  reciprocating  mcitiea 
nuurly  in  n  ntrai|;lit  line  ;  an»ther  [Kunt  (/>)  worki  (he  valve." 

liul  in  Htuilying  aay  of  tlie  twenty  titniM  of  rmliul  valve  gear,  the  atodcnt 
will  (iii'l  the  fullowint'  detinitiim  nmeli  more  hvlpful— 

There  in  a  pictrc  {.-I  //)wh<>iw  iiverii)(e  direction  is  at  right  anglea  to  theiitN 
rul  1  a  pin  {/>)  in  the  piece  i.A  /f)  work!  the  valve.  Speaking  only  of  motioMii 
the  diraotiun  of  the  valvs  motion  or  piston  motion  ;  A  moves  eitlMr  ijaakiHt- 


VALVE  GEARS 
b  Uic  pwtfin  or  halX  a  period  ahead  of  it. . 


.l.««ly  O  >• 


1  A  II 


When  a  itQilDiit 
Uk«  up  UiD  thwiry 
cj(lh— ipomslicwlll 
cu]  thai  tiM  »\>mv 
iledoitioo  Bwkm  unu 
ibmry  ilu  for  all  Llu- 
pan-  (Sti«Art.3l^.  I 


MWtDg  at  ti)c 
1  thtf  n- 
I  it  G&rlier  thau 
e  to  hnvv  iL 
i  of  Uie  gcan 
^vthir   than 
ID  this  respect , 
invtliati!  {Moi- 
IpvingaigniclcL-r 
1  nff  thnn  J*  siiigii*  f,«-  ii!4.-ii.«..uij. 

■  iitric  wtfoltl  i](j. 

it  wlil  li._'  fiiuail  ihiit  in  ihcvorj'  Inrgest  marine  engiinsi  wc  si-lduin 

■  I'ff  ut  oven  so  little  (i»  ono-thini  i*f  the  slroke,  and  so 

n  !-lide  valve  and  the  above  kinds  of  vahv  iiioliou  uro  to 

J  m  ihcfic  \*rp^  engines.    Cutting  off  at  one  third  of  the 

a  tarh  C)rliwler  of  a  triplv  c}-]indur  onginu  is  like  culling  off 

b  of  the  stroke  in  a  single  cylinrler. 
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80.  When  we  look  at  a  large  triple  cylinder  engine  for  the  firet 
time,  wc  are  confused  at  the  apparent  ootnplazlty  of  Iti  OOB- 


Fm.  lan.— Jov. 


BtrucUoD.     When,  however,  we  conaider  it  carefully,  we  iee  tM  i 
it  ia  simple  enough.    Thus,  for  example,  look  at  the  great  nXn  ^i  j 
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J,  of  the  low  pressure  cylinder ;  it  ia  verj'  heavy,  and  to  take 
ht  off  the  valve  rod,  the  rod  is  extended  above,  so  that  the 
•  piston  P  may,  because  of  the  steam  pressure  upon  it, 
the  weight  not  only  of  the  valve  and  rod,  but  some  of  the 
tion. 

in,  the  valve  F"  is  so  large  that  the  steam  pressure  on  its 
OQld  press  its  face  ao  tightly  against  the  seat  on  which  ib 


>«ckcti  for  doublo-poncd 


that  there  would  be  excessive  friction,  consequently  the  relief 
K  is  applied,  which  prevents  pressure  steam  fn)m  getting  on 
part  of  the  back  of  the  valve.  Fig,  ISO  will  show  more  clearly 
p  ring  R  of  the  relief  frame  slides  steam  tight  on  the  back  of 
ve.  The  space  at  the  back  communicates  with  the  exhaust, 
pressure  gauge  ia  often  provided  for  testing  the  packing  of 

«■ 

t  again,  the  large  valve  V  is  apparently  complicated  in 
r  way.  In  truth  it  is  only  complicated  by  its  parts  being 
id.  The  space  marked  E  is  exhaust,  that  marked  S  ia  steam. 
,  131  the  valve  lb  at  its  mid  position.    Let  us  think  of  one 

L  2 
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end  of  the  cylinder  only  and  the  left-hand  side  of  the 
Note  that  the  poasage  P  has  two  openings  into  it  inste 
merely  one,  and  that  whatever  is  occurring  at  one  of  tfc 
occurring  in  exactly  the  same  way  at  the  other.  If  a  si 
will  make  a  model  like  Fig.   131  of  paper,  and  move   it 

valve  Beat,  Y 


B.C. 


S.fi 


S.P. 


at   < 


this  is    the 
nary      locoi 
alidu  valve 
parts     we 
doubled.    H 
easily    imag 
treblc-portoc 
It  is  qui' 
dent    that 
IM  less  travc 
these  valves, 
large  openii 
stean]      and 
baiist ;    the 
tional  work 
1  this  way  is  of  some  importance,  Ix 
I  £.fi.    in  spitf  of  relief  frames  we  always 
have    much    loss   by  friction.     Tha 
Tftlve  of  Fig.  132  serves  the  same  pi 
The  stuiient  will  notice  that  when  th« 
uncovers  thi-  [wrt,  there  is  steam  en 
the  eamo    port    through    the    hollow 
from  the  steam   sjmce   on   the   othei 
This   valvo   must   have   a   raised   sea 
would  be   intc-resting   to   know   wbai 
eeutsgc  of  my  rcwlers   will    make  wi 
Pio.  \x>.  model.-<  in  paper  of  Figs.  131  and  132. 

Fig.  134  shows  a  pUton  TslTt 
when  there  are  highust  pressures.  This  is  merely  an  ordinar 
valve,  only  that,  instead  of  having  a  flat  face  we  have  a  cylii 
liicc,  and  pR-ssitres  are  very  wi'll  bnlunced.  The  pistons  R  i 
un-  [Nicked  with  rings  as  onlinury  ]iistons  are  packed  to  make 
steam  tight.  The  ]>ort  openings  extend  all  round  the  pistons  < 
that  there  are  bars  acniss  to  prevent  the  packing  rings  spr 
out.    Another  is  shown  in  the  Willana  engine  (Fig  233). 


■S.P. 
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Sometimes  tlw  steam  space  is  at  the  two  ends,  the  exhaust  heing 
etween  the  pistons,  sorrounding  the  connecting  tuhe ;  sometimes 
he  reveise  arrangement  is  adopted,  as  in  Fig.  134.    A    slight 


in  size  of  the  tvo  pistons  allows  us  tu  dispense  v^ith  a 
piston. 


•0>  >jonietimeB  Bunuantom  cyllndera,  nr  ciialiiunx,  are  littcil  in  ({uick- 
raDning  tagiaee  to  aapply  the  forces  due  lo  mere  inertia  of  iLe  valve  geur.  ]n 
J*r*B  Autatant  OrllBdn-,  instead  of  Ibe  onlinary  lialance  pinion  we  liavc  a 
ptiton  which  i>  forced  bv  ateam  in  tlie  ilirecCion  in  wtiich  ihe  valve  in  moving, 


to  ihat  Ifac  ccc 
cmihinniDg  actioi 


ntric  rodi  are  greatly  nlicveil ;  thvre  i"  alsn  (lie  r 

at  th«  enil  of  its  atmke.    Inexinting  marine  cnginm  IIicnu  Joy 

Lerciae  aa  much  bh  20  hurae-pD«-er. 

A  practical  man  who  uniltTstandn  hia  engine  will  not  neeil  any  hintH  an  to 

Ik  MattlBC  or  TalTM.     Inileeil  thin  merely  meana  that  ulii^ii  each  L-mnk  in  at 

ha  dMil  point*  ita  Talva  ahall  juit  have  the  proper  amount  of  Ivail ;   not  quite 

it*  ^nic  p«rhapa  for  both  endii ;  and   this  is  effected  iiy  tiie  nuti  on  the  valve 
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rods.  If  the  leads  at  bath  ends  have  to  be  increased  or  diminished,  the  adra 
of  the  eccentric  must  be  altered.  The  position  of  the  valve  at  mid  travel 
exactly  midway  between  its  position  at  the  dead  points  (see  1  and  8,  Fig.  201 


Fio.  188.— Tub  Fimx  Slide  Valvi  Gear. 

This  is  tho  simplest  of  tsIto  gears.  The  valve  is  worked  from  the  block  D  bytiMi 
radius  rod  P.  D  may  be  lifted  or  lowered  in  the  link  slot  to  revenw  or  to  glvt 
different  grades  of  expansion.  Tho  link  is  rigidly  part  of  the  eccentric  straps,  tiM 
centre  of  whoso  disc  B  is  180*  from  the  main  crank.  The  point  C  of  the  Unk  ur 
eccentric  straps  is  guided  to  move  nearly  honsontally  in  the  arc  of  a  circle. 

The  rostilt  is  much  the  same  as  la  obtained  by  the  use  of  a  Qooch  link  or  by  Radial 
volvu  gear,  only  that  tho  octaves  in  tho  motion  (Art.  816)  are  much  more  pronvuncod. 

In  the  figxire  a  pin  at  E  workH  another  slider  through  the  rod  O.  When  this  g«ar 
Is  used  for  reversal,  C  is  a  point  in  tho  lino  Joining  A,  and  the  centre  of  the  slot. 


and  this  ought  to  be  symmetrical  over  the  exhaust  port.  It  is  to  be  remembei 
however  that,  especially  in  marine  engines,  there  is  more  lead  and  more  inti 
lap  at  the  lower  port.  There  in  another  reason  for  greater  lead  at  the  loi 
port ;  it  enables  the  wear  of  the  eccentric  straps  to  be  taken  up. 


I 
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CHAPTER   IX. 

THE   EXHAUST   AND   FEED. 

01.  When  steam  escapes  from  a  cylinder,  it  may  escape  to  the 
itmosphere,  and  the  engine  is  said  to  be  non-condeniing.     Some- 
times the  steam  escapes  through  a  pipe  in  the  chimney,  so  that 
it  may  create  a  draught  through  the  flues  of  the  boiler.    This  is  the 
cue  in  locomotive  engines  which  are  always  non-condensing.    Some- 
times the  pipes  through  which  the  escaping  steam  passes  are  sur- 
rounded  by  the  feed-water,  which  thus  gets  heated  before  it  enters 
the  boiler.     Sometimes  the  feed-water  supply  enters  a  box  in  spray, 
being  pumped  oflF  from  the  lower  part  of  the  box.     The  exhaust  steam 
panes  through  this  box  also  on  its  way  to  the  atmosphere.     The 
main  objection  to  this  plan  is  that  the  feed-water  is  heated  before 
psflsing  through  the  pump,  and  this  gives  trouble.     Also  the  water 
lakes  up  objectionable  oil  from  the  steam.     Weir  heats  the  feed- 
water  by  mixing  with  steam  from  the  lowest  pressure  receiver  of  a 
triple  expansion  engine.     Boiler  steam  is  sometimes  used  to  heat  the 
feed-m-ater,  and  the  increased  efficiency  discovered  is  really  due  to  the 
&ct  that  the  method  used  greatly  increases  the  water  circulation. 
>See    Chap.    XXXIII.)     There    can    be    no    doubt   of  the   great 
benefit  derived  from  heating  feed-water  in  feed-water  heaters  by  the 
h?at  in  the  flues  before  it  enters  the  boiler,  partly  because  rushes  of 
'^>ki  water  produce  great  Iwal  strains  in  the  shell  and  flues,  and  this 
i>  thought  to  be  very  important ;  but  as  a  matter  of  fact  there  is 
I     'isoally  found  to  be  a  saving  of  something  like  10  \>Qr  cent,  in  fuel, 
}     '•Q  the  whole.     Again,  the  heated  fecKl-water  tends  to   deposit  its 
^imi'nt  in  the  heater  rather  than  in  the  boiler  itself,  and  besides, 
]     >l*  air  get8  greatly   driven  out  of  it.     The  air  is,  however,  only 
objectionable  in  condensing  engines. 

The  name  Feed -Water  Eroiiomiscr  is  more  usually  given  to  a 
oamber  of  tabes  surrounded  by  the  waste  gases  which  are  about  to 
''scape  up  the  chimney.     They  have  to  be  constantly  kept  cleaned 
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from  soot  by  means  of  scrapers.  One  seldom  sees  a  group  of  four  or 
five  Lancashire  boilers  without  a  feed-water  heater,  and  it  is  com- 
monly said  that  the  feed-water  heater  is  practically  equivalent  to  an 
extm  boiler  in  steam  produced,  without  extra  fuel  being  needed, 
(see  Fig.  196). 

92.  In  a  condensing  engine  the  exhaust  steam  passes  into  a 
cold  chamber  called  a  condenser.  This  chamber,  which  may  be  of 
any  shape,  is  kept  cold  sometimes  by  cold  water  circulating  round  it, 
and  is  then  called  a  luiiluse  condenser ;  sometimes  by  jets  of  cold 
water  spraying  from  a  rose-head,  inside  the  condenser  on  the  end  of 
a  pipe,  the  other  end  of  which  dips  into  a  neighbouring  jMnd  or 
tank ;  then  it  is  called  a  Jet  condenser.  It  is  to  be  remembered 
that  the  weight  of  cold  water  needed  for  condensation  is  usually 
taken  to  be  about  thirty  times  the  weight  of  steam  to  be  condensed. 
Less  will  do ;  but  in  any  case  the  amount  of  water  needed  is  so 
great  that  we  never  dream  of  using  a  condensing  engine  if  the  water 
nmst  be  supplied  by  a  water  company  and  hixs  to  be  paid  for. 

ExEUCisE.  1  lb.  of  steam  at  3*62  lbs.  jkt  square  inch  or  05*  C. 
is  condensed  by  water  at  15°  C,  the  mixture  being  40°  C,  what  weight 
of  water  is  used  ? 

In  the  table  of  Art.  180  we  see  that  the  latent  heat  of  the  steam 
is  5C1,  and  the  steam  not  only  condenses,  but  falls  25°,  so  that 
altogether  the  pound  of  steam  loses  501  -f-  25,  or  580  units  of  heat 
The  water  is  raistnl  25°,  and  hence  its  weight  is  580  -h  25,  or  23  Ib& 

It  is  of  importance  that  a  student  should  be  able  to  calculate : 
1.  How  much  heat  must  be  given  to  feed-water  in  the  boiler  to 
produce  steam.  2.  How  much  heat  goes  away  from  the  cylinder  in 
the  steam,  whether  the  engine  is  condensing  or  non-condensing. 

To  raise  1  lb.  of  water  to  any  temiwrature  requires  (with 
enough  accuracy  for  our  calculations)  1  unit  of  heat  for  every 
degree.  Thus  to  mist*  a  pound  of  water  from  0°  C.  to  tf°  C.  needs 
6  units  of  heat.  To  convert  the  water  into  steam  at  ff*  C,  without 
any  further  increase  of  temperature,  needs  /  =  000*5  —  0095^  units 
of  heat.  This  last  is  called  the  latent  heat  of  the  steam ;  it  was 
measured  by  Regnault,  and  he  found  this  fonnula  to  represent  his 
results  pretty  aceunitely.  A  table  of  values  of  /  is  given  in  Art.  180. 
Let  a  student  consider  steam  at  101*9  lbs.  per  square  inch.  Its 
tenqxTature  is  105''  C.  Sujiposr  that  a  iH)und  of  feed-water  was  at 
40'  (\,  it  took  125  units  of  heat  in  rising  to  105"  C.,and  it  then  took 
()0()'5  —  0095  X  105  or  402  units  of  heat  to  convert  it  into  steanu 
Altogether  it  was  given  125  -f-  492,  or  017  units  of  heat  in  the 
boiler.  Ix't  us  suppase  that  a  iM)und  of  steam  escapes  from  the 
cylinder  at  17*53  lbs.  jxt  .square  inch,  or  (according  to  the  taUe, 
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page  320)  at  lOo""  C,  its  latent  heat  is  534  units,  and  if  we  imagine 

it  cooled  to  the  temperature  of  the  feed- water,  this  means  105  —  40, 

or  65  more  units.     It  therefore  would  carry  off  with  it  599  units  of 

heat.     In  a  condensing  engine  if  we  imagine  1  lb.  of  steam  at  say 

6-5'  C.  converted  into  water  at  the  temperature  of  the  feed-water 

(¥f  C),  we  find  that  it  must  have  581  units  of  heat  taken  from  it. 

Xow,  I  do  not  say  that  for  every  pound  of  steam  produced,  we  have 

a  pound  of  steam  in  the  exhaust,  because  some  of  the  exhaust  stuff 

is  water — but  the  above  figures  will  teach  an  important  lesson,  im- 

pMtant  in  all  heat  engine  work,  namely,  that  we  take  away  and 

waste  in  the  exhaust  nearly  as  much  heat  as  we  give  to  the  stuff,  so 

that  only  a  small  portion  is  utilised  and  converted  into  useful 

woik. 

Ha\'ing  to  take  away  by  means  of  cooling  water  this  great  amount 
of  heat  from  the  exhaust  steam  is  a  great  trouble.  It  is  so  great  a 
trouble  that  we  would  fain  use  non-condensing  engines  on  board 
ship.  Why  do  we  not,  then  ?  Because,  if  we  let  all  our  steam  go 
off  uncondensed  to  the  atmosphere,  where  shall  we  get  feed-water  for 
our  boilers  ?  From  the  sea ;  sea  water,  which  deposits  salt  inside 
the  boiler,  even  if  we  are  continually  trying  to  avoid  it  by  blowing 
off.  It  is,  however,  the  very  hanl,  tight-sticking  deposit  from 
salphate  of  lime  which  we  fear  most.  This  is  so  insoluble  in 
hot  water  that  it  is  impossible  to  use  sea  water  in  boilers  with 
pressures  higher  than  about  55  lbs.  per  sc|uare  inch  (absolute).  And 
this  also  is  the  reason  why  we  must  use  surfiic<^  condeiisei-s.  But  on 
land  when  we  can  get  a  sufficient  supply  of  fivsh  water  for  the  feed, 
if  there  is  a  steady  load  on  the  engine,  and  we  use  high  pressures, 
then,*  is  oflen  found  to  be  no  great  advantage  in  having  a  condensing 
rather  than  a  non-condensing  engine.  If,  however,  tlie  load  varies 
greatly,  there  is  considerable  saving  in  using  a  condensing  engine  it 
We  do  not  have  to  pay  for  the  condensing  water. 

C!alculations  like  the  above  have  to  be  made  continual! v  in 
practical  work,  and  the  student  ought  not  only  to  work  numerical 
exercises,  but  he  ought  to  make  nu'asurements  for  himself  in  a  heat 
laboratoiy.  Even  one  actual  measurement  of  the  latent  heat  in  a 
quantity  of  steam  will  give  ideas  which  no  ])ractical  man  ought  to%e 
Without.  It  is  quite  absurd  to  think  that  a  man  who  has  only  this 
kind  of  knowledge  by  hearsay,  really  comjireliends  what  he  talks 
^ut.  What  we  continually  need  to  remember  is  Regnault's  total 
W  //,  the  heat  given  to  a  pound  of  water  at  0  (J.  to  convert  it  into 
«teani  at  ff"  C,  and  its  amount  is  //  =  G0(j*5  +  OtiOoO.  0  units 
tf  this  is  spent  in  merely  heating  it  as  water,  and  II  —  0  or 
N6'5  —  0*695  d  is  the  latent  heat.     Notice  that  there  is  less  latent 
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heat  in  high  pressure  steam  than  in  low  pressure,  although  there  is 
more  total  heat. 

If  students  do  exercises,  they  ought  to  take  cases  such  as  that  of 
say  one-ciuarter  of  a  pound  of  water,  and  three-quarters  of  a  pound 
of  steam — how  much  heat  has  produced  it  ?  how  much  heat 
it  give  out  in  the  condenser  ? 

The  following  nictluxl  of  calculation  is  very  much  more  raggeitiTie 
curatti  than  the  la8t,  and  the  student  ought  to  work  at  leMt  0Q«  ezcnj 
carefullv. 

» 

KxKKi'isK.  An  engine  usch  17  lbs.  of  dry  Raturated  stcMn  at  101*9  IIml 
uiunre  inch  (absolute)  per  hour  per  indicated  homc'power.     How  nnoh 
cntertf  the  condcnHcr  with  the  exhaust -Bteani  per  hour  per  horse*pow«r? 
no  radiated  heat,  no  leakage  of  steam,  no  steam  jacket. 

The  total  heat  in  17  \^w.  of  such  steam  may  l>e  calculated,  or  from  tlM 
Art.  IHO  we  see  that  the  heut  supplied  is  17  x  ttr>G'8,  or  ll,166CentigEttdauiiitt. 
Now  I  hor8e-i>ower  hour  is  l,iMiO,OOU  foot-itounds,  or  (dividing  by  180S|  Jonle'i 
c(iuivalent)  U±l  Centigroile  units.  Hence  11,106  -  1422  or  0744  nniU  iwch 
the  condenser  i>er  indicated  horse-power  hour. 

93.  An  injection  condenser  may  be  of  any  Hhape ;  the  injection 
water  rushes  in  as  spray,  and  with  the  condensed  steam  and  air  it  is 
drawn  out  through  a  fiM>t  valve  F  V  in  Fig.  136,  which  shows  an 
air  pump.  Fig.  47  shows  how  it  is  worked  in  marine  engines.  In 
the  down  stroke  of  the  bucket  the  water  {)a8se8  through  the  bucket 
valves  ]i  V\  in  its  u])  stroke  this  water  is  lifted  and  passes  through 
the  delivery  valve  ])  V"  to  the  hot  well.  Notice  that  many  light 
valvi's  are  oftni  used  in  air  pumps  instead  of  one  large  one;  this  ic 
for  (piiekness,  and  also  that  they  may  lift  under  very  small  preesuvea 
Valves  are  «>fttMi  made  of  thin  shi'et  brass  or  phosphor  broom 
instead  of  india-rubber.  The  l)arrel  and  bucket  are  castings,  usoall^ 
in  gun  nu'tal.  The  ft>ive  jMimj),  Fig.  140,  feeds  the  boiler;  wLjl 
the  plunger  A  is  lifted,  water  is  sucked  from  the  hot  well  througl 
th«'  valvrs  G FE  to  ill*'  liarrel  of  the  pump;  when  the  plunger  ii 
pushe«l  <lo\vn,  the  water  in  the  barrel  is  forced  thniugh  other  valves 
to  the  boiler.  The  feed  jHiui])  is  usually  so  large  that  it  would 
supply  nwA'v  feed-water  than  th<'  btnler  netnls. 

Intennitt4'nt  feeding  is  bad  for  many  ri'asons;  the  feed-watei 
ought  U\  be  suppli^'d  n^gularly.  A  gtMnl  engine-driver  will  leave 
the  water  at  a  high  K'vel  in  his  boiler  when  he  stops  his  engine  for 
a  time.  Sometimes,  however,  when  he  wants  to  start,  the  wat<»r 
may  br  tno  low,  and  it  is  important  to  be  able  to  feed  the  boiler 
without  starting  the  main  engine.  This  gives  us  also  a  reason  why 
a  hi»^h  tank  of  wattr  is  so  useful,  as  we  may  easily  fill  the  boiler 
from  it.  It  is  usual  to  have  means  of  in<ie)Mmdent  feeding  in  all 
large  engines,  .so  that  it  may  go  <m  when  the  engine  is  stopped.  If 
inj(»ctui*s  (Art.  !>'>)  only  an»  ust^»d,  they  ought  to  be  in  duplicate.     If 
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an  independent  steam  pinnp  or  other  separate  boiler  feeder  be 
employed,  it  is  usual  to  order  it  large  enough  to  supply  much  more, 
sav  twice  or  three  times  the  actual  feed-water;  this  is  done  with 
the  ()bj(jct  of  letting  it  work  slowly  so  that  it  may  wear  well  and  need 
little  attention.  The  Woilhington  ■team  pump  (Fig.  22)  ii 
usually  em])loyed  because  it  gives  no  trouble  and  is  of  easy  regalia 
tion.  In  ships  there  is  one  main  pump  in  each  engine  room  capaUt 
of  supplying  all  the  boilers,  and  there  is  one  aiudllaiy  pump  in 
each  boiler  room  delivering  only  to  specified  boilers,  and  with  suction 
from  either  the  feed  tunks  or  the  reserve  tank  or  the  sea. 

If  the  injection  water  is  dirty  we  must  be  careful  to  strain  it,  and 
if  we  have  a  purer  fresh  supply  it  is  usual  to  use  it  in  preference  to 
the  condensed  steam  as  feed-water.  We  often  use  a  fresh  supply 
when  we  have  a  surface  condenser,  as  condensed  steam  is  sure  to 
have  oil  in  it,  and  the  oil  does  harm  to  the  boiler.  Oil  sometimes 
seems  to  get  on  the  tubes  or  flues  of  the  boiler  in  places,  prevent- 
ing the  water  touching  the  metal  which  may  get  extremely  hot 
at  such  ])laces.  I  have  sometimes  seen  places  in  the  crown  or  just 
beyond  the  crown  of  the  furnace  which  seemed  red  hot,  and  I  have 
usually  attributed  them  to  ])atches  of  oil.  Oil  filters  are  used  in 
marine  engines  to  free  the  fred-water  of  oil,  and  almost  no  oil  is 
now  being  admitte<l  to  valve  chests  or  cylinders  for  lubrication. 

A  lurflEice  condenier  (see  Fig.  188)  is  usually  formed  of  a  great 
number  of  J  or  jj-inch  drawn  bnuss  tubes,  ^V  i"ch  thick,  about  1  inch 
apart,  of  zig-aigged  arrangement  in  a  brass  casing  C  C^  and  through 
tlu  in  cold  water  is  kept  circulating  as  shown  by  the  arrows  CWT  to 
C  If T  through  C  W  (in  amount  about  70  times  that  of  the  feed-water), 
by  mtans  o{  what  is  called  the  circulating  pump,  which  is  usually  a 
ccntiifugal  pump.  In  a  marine  engine  it  is  the  sea  water  which  is 
kept  so  circulating,  and  there  is  usually  an  arrangement  by  which 
this  circulating  pump  may  draw  water  from  the  bilge  instead  of  the 
sea.  Driven  by  the  main  engiiius  there  are  also  usually  bilge  pumps ; 
there  are  then  often  four  i)umps  forming  jMirt  of  the  main  engine — 
air,  feed,  circulating,  and  bilge.  Fig.  139  shows  an  independent 
circulating  pump. 

The  tubes  are  always  kej)t  cold,  and  the  exhaust  steam  being 
admitted  at  A  into  a  closed  s})ace  outside  and  all  round  these 
tubes,  is  condensed  and  is  drawn  away  through  B  by  the  air- 
puuij).  The  con<lensed  water  is  the  feed-water,  and  needs  only 
an  <MTasi(Uial  small  addition  of  (fresh,  not  salt)  water,  because  of 
leakage  ;in<l  blowing  off.  Thus  the  sn:ne  water  is  used  over  and 
over  again,  and  an  engineer  need  not  have  more  variation  of  level 
than  an  inch  in  his  boiler.     Just  at  thc^  beginning  it  is  thought  well 
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to  use  salt  water  for  a  short  time,  as  this  produces  a  thin  seal 
over  the  inside  of  the  boiler  which  is  thought  to  protect  the  pi 
against  pitting. 

Exercise.  In  recent  practice  one  square  foot  of  tube  conde 
about  12  lbs.  of  steam  per  hour  (sometimes  a  higher  figur 
taken).  Find  the  total  length  of  f -inch  tube  required  for  an  en 
whose  maximum  indicated  power  is  1,000  horse,  using  16  lbs.  of  st 
per  hour  per  indicated  horse-power. 

The  total  area  is  16,000  -f-  12  or  1,333  square  feet.  One  fo< 
}-inch  tube  has  a  surface  tt  X  |  X  12  square  inches  or^r  x  }  4-1 
0196  square  feet.  Hence  l,333-7-019G  or  6,800  feet  length  of  pipii 
required.     If  each  length  of  tube  is  8  feet,  we  need  850  lengths. 

It  is  usually  thought  well  to  employ  as  large  an  air  pump  with  a 
face  condenser  as  with  an  injection  condenser,  although  there  is  n 
less  water  to  remove.  This  is  on  account  of  the  air  which  is  ah 
present  in  water  to  some  extent,  and  from  which  the  condenser  muj 
kept  free.  Not  only  does  such  air  spoil  the  vacuum,  but  the  m( 
trace  of  air  very  materially  retards  the  condensation  of  the  stean 

94.  When  water  is  expensive,  as  in  a  town,  that  kind  of  sui 
condenser  which  is  called  an  evaporative  condenser,  may  be  i 
It  consists  of  a  number  of  tubes  for  the  exhaust  steimi,  their  out 
surfaces  being  exposed  to  the  atmosphere  ;  a  small  circulating  pi 
being  employed  to  keep  them  wet  on  the  outside.  It  is  not  o 
used  for  engines  indicating  more  than  100  horse-power,  because 
outsides  of  the  pipes  give  off  white  clouds  of  condensed  vapour  w^ 
may  be  thought  to  be  a  nuisance. 

In  electric  lighting  stations  and  other  places  where  large  p< 
is  needed,  and  therefore  the  increased  economy  due  to  condensa 
is  important,  and  in  places  whore  a  large  supply  of  condensing  w 
cannot  be  cheaply  obtained,  this  kind  of  condenser  becomes  inij 
ant.  Ordinary  surface  condensers  need  70  lbs.  of  water  per  pc 
of  steam.  Where  there  is  large  sjmce  for  cooling,  the  water 
an  ordinary  surface  condenser  may  be  used  over  and  over  again, 
such  space  is  expensive  in  cities.  Now,  evaporative  conder 
giving  24"  to  26"  of  vacuum  need  water  supply  in  amount  only  a) 
J  of  the  weight  of  steam  condensed.  The  surface  must  obvio 
be  larger  than  in  an  onlinary  surface  condenser.  Care  must  be  U 
that  the  condensing  water  trickles  from  the  hotter  to  the  c<j 
parts.  Leakage  must  be  carefully  prevented,  and  so  joints  mus 
good  and  accessible,  and  for  another  reason  they  must  be  access 
because  the  trickling  water  deposits  from  10  to  40  oz.  of  i 
matter  per  square  foot  per  annimi  and  the  pipes  must  be  ciea 
Horizontal  tubes  are  found  to  be  more  effective  than  vertical. 
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s  np  tuoro  ttpttw.     Various  contrivances  have  been  invented 
ft  &irl;  even  supply  of  trickling  water  everywhere.   Artificial 


a  M  foDDrl  to  greatly  (50  per  cent,  or  inoro)  increase  th* 
I.     Sutnelimts  tho  fan   is  only  nsed  when  the  heavy 
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A  Jet  condenser  is  like  an  injector.  A  central  jet  of  injectkn 
water  is  surrounded  by  a  nozzle  for  exhaust  steam,  and  the  receiving 
pipe  gradually  expands  towards  the  hot  well.  The  steam  condenses 
and  passes  with  the  injection  water  to  the  hot  well,  no  air  pomp 
being  needed. 

96.  The  Ii^ector. — Steam  from  a  boiler  enters  the  injector  st 
S,  Fig.  138  a  ,  and  as  it  enters  a  place  of  low  pressure  at  the  end  of 
the  nozzle,  it  acquires  a  velocity  which  may  be  greater  than  1,300 
feet  per  second.  There  is  a  partial  vacuum  at  2>,  and  water  flows 
towards  it  from  a  tank  through  IF.  Imagine  the  space  D  filled  with 
water ;  the  steam  mingles  with  this  water,  condensing  and  heating 
the  water,  and  the  mingled  stream  passes  across  the  place  of  low 
pressure  G  into  A  with  a  sufficiently  great  momentum  to  overcome 
the  pressure  of  the  boiler,  which  it  enters  past  a  check  valve  VsuA 
x\i\  onlinarv  eontrolleii  valve  as  well. 

The  t^ink  may  be  below,  or  on  the  level  of,  or  above  the  injector. 

As  the  steam  handle  is  gradually  turned  first  a  small  quantity  of 
steam  enters  fnnn  jS^  driving  air  before  it,  creating  a  partial  vacuum 
at  A  filling  the  spaces  with  water,  and  the  condensed  steam  water 
and  air  esoapi*  bv  the  overflow  to  OF.  The  valve  admitting  water 
through  )r  is  now  ojvneii.  As  the  steam  valve  is  more  opened 
a  greater  rush  of  steam  takes  place,  and  the  water  has  enough 
nuMUontuui  to  o[vn  the  valve  and  enter  the  boiler;  there  is  now 
a  j^irtirtl  vacuum  in  the  chamber  (?.  and  hence  it  is  thought  good 
to  havo  a  vrtlvo  iu  the  overflow  pipe  to  prevent  air  entering  vrith 
water  into  the  Ixnler;  water  can  always  escape  through  OF.  H 
the  enj:iuo  is  uoa-wndo using  I  apprxne  of  allowing  air  to  enter  the 
Iviler.  as  it  pi\*vonts  v^\nuleusation  in  the  engine  cylinder,  but  it 
P!\h1uvvs  \orv  Kul  otVivts  in  the  cv^ndenser  of  a  condensing  engine. 
It  is  oviooiit  fivm  the  figur^^  that  wo  can  control  the  flow  of  steam 
iuul  \\;i:^r;  when  wo  diiuiuish  the  water  supply  it  is  fod  into  the 
Knlor  a:  .^  hiijhor  rom[vr:\:ur^\  and  if  this  is  too  high  the  water  may 
Ivil  r.vViV  M  ;«id  tho  aotion  Iv  sjvilt.  As  the  lift  firom  the  tank  is 
v;i\'a:or.  '..'oiv  is  moiv  ohitiKv  of  trvnible,  and  it  is  seldom  that  the 
litt  IS  :v..  !\*  tluin  :iv^  fovr.  Thorv*  ar^^  various  arrangements  in  use 
t'ov  ii*.i:.^iv.a:\oall\  »ulius::na:  tho  vrv^ivrtion  of  the  water  and  steam 
aivas  .\:  ;ho  v.^v^los  to  stiit  ohcc^cli:*:  K>ilor  p^>?s^un?^ 

Wo  s'^.i.l   ^v   lu  Art.  :>>!  :h.%:.  .is  the  velooitv  with  which  the  ^ 
>v;vtov  !v\u"-.>  M  \>  ;;ivatoi\  :ho  t:*i::-:uov  is  ^jearlv  increased.    No*i 
A^i'-'-Vj;   t'.vi-.i   .V  m:\v   o:i  tho  lo\^*.  o:*  or    below  the  injector,  it  M  ^ 
not   ^Kvvvo'.o  wv  tho  w:\:or  to  b^v^^  a  ^^a:  velocity.     Hence theR 
an.'  uy^vioi>^  vt   o.oul»*o  ;wtvoit.     Th-,    w-A:^?r  is  first   forced  into  • 
ctuuuWr.  whoii  :ts  j»r\'ssur\*  ts  aK^u:  iO  Ilis.  per  square  inch  above 
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of  the  atmospfaere,  and  by  a  second  jet  of  steam  it  is  then  forced 
the  boiler.  In  the  injector  of  the  future  this  principle  will 
ably  be  greatly  amplified,  for  it  is  quite  easy  to  have  a  central 
copic  system  of  steam  nozzles  from  which  the  steam  emerges 
nally,  at  first  with  the  slowly  moving  and  later  with  the  more 
kly  moving  water. 
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CHAPTER  X. 

FLY-WHEEL  AND  GOVERNOR. 

96.  It  18  really  on  the  fly-wheel  that  we  depend  for  the  preven- 
tion «if  sadden  cluuiges  in  speed.     The  governor  is  too  leisurely. 

The  mass  of  a  fly-wheel  Ls  mainly  in  its  rim,  and  it  is  usual 
■"  neglect  the  mass  of  the  arms  and  boss  in  calculations.  The  weight 
"f  the  fly-wheel  in  pounds  divided  by  32*2  gives  the  mass  in  engineti-s' 
«nits.  Half  the  mass  multiplied  by  the  s(|uare  of  what  we  may  call  the 
average  velocity  of  the  rim  in  feet  j)er  second  is  the  kinetic  energy 
i'tored  up  in  the  wheel.  If  W  is  the  weight  of  a  Hy-wheel  in  pounds, 
ifJf  is  the  average  radius  of  the  rim  in  feet,  when  the  wheel  makes 
•i  Hrvolutions  per  minute,  it  is  easy  to  show  that  the  energy  stored 
■ip  in  it  is  irB*»-;5874  foot-pounds. 

The  following  exercises  will  bring  home  to  jstudents  the  value  of 
*h»-  rtv-wheel : — 

m 

1.  The  rim  of  a  cast  iron  fly-wht'el  has  a  nrt^inguhir  section 
12x10*.  Its  average  radius  is  5  frrt,  what  is  its  woiglit  ?  Its 
V'jluuie  is  12''xlO''x27rX()0  or  45,200  cubic  inches;  its  weight 
li^'Ut  11,760  lbs.  and 

JFir^ -^5S74  =  .'501. 

If  this  whei^l  nmkes  100  revolutions  pur  minute  its  kinetic  energy 
:^  501,(XK)  fcK>t-pt>unds.  If  it  makes  ft  revolutions  j)er  minute  its 
iiiuetic  euerg}'  is  50*  1  x  n-. 

Hence,  in  changing  from  any  speed  to  another,  we  can  calculate 
•he  energj'  that  it  will  store  or  unstore. 

2.  An  engine  with  the  above  tly- wheel  gives  out  on  the  average 
120  horse-power  at  100  revolutions  ]H*r  minute.  Therefore  *he 
•neigy  given  out  in  one  revolution  is  120x:j:J,000-i- 100  or  ;iJ),G0O 
i^'l-pounds.  Now  let  us  supjK^se  that  the  fly-wheel  is  called  u|H>n 
•o  !>tore  the  whole  of  the  energy  which  would  be  supplied  in  half  a 
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ri'V'Auiiott,  }/<9r;;itjM;  jMfrlmjM  the  governor  is  too  sluggish,  what  is 

t|j<;  lij;^li<;>»t  hjptti^i  '< 

Tliir  wUoiA  U'.ui  Ml  xHXi*  or  501,000  foot-poucds  already;  le 
^iv«'  ii,  it  'M,ii(H>  X  0  5  or  19,800  foot-pounds.  So  that  its  higher 
tiUnt*  ih  520,8W,  ttrid  this  is  50*1  times  the  square  of  the  new 
ii\H*t'i\.  I>ivi<l<r  thfjH'fore  by  50*1  and  extract  the  square  root,  and 
w<'  lifid  104  revolutions  jxt  minute  as  the  highest  spc^. 

A  litrx<*  fly-wh«;<jl  i.s  UKualiy  built  up  of  many  pieces  carefullj 
litl4Ml,  li«\v*'d  'iN'l  Inilted  togother;  an  example  is  given  in  Fig.  144 
it«i  rim  lirmiigcd  with  gr()«)V(js  for  rope-driving.  It  only  diflfers  in  its 
iim  Irom  ii  rommoti  form,  which  is  a  spur-wheel  which  would  drive  a 
iiiiii'lihi'  whi'i'l.  In  A mt'rini,  engineers  often  use  a  wrought  iron  fly- 
\vlii»i«l  whii'h  may  ho  run  ut  much  higher  speeds  than  a  cast  iroo 
N\hi'i«l.  Siimi'timcN  th(»  powtT  is  taken  from  the  fly-wheel  by  a  belt; 
but  Ml  Kn^land  this  is  novrr  done  on  large  engines.  The  Americans 
ain  lll«^lnnillg  to  imitate  thi'  much  superior  Elnglish  method  of  direct 
liming 

Whi^i  an  I'uvfiuo  hiis  to  driw  a  single  machine,  such  as  a  dynamo 
maohuie.it  is  now  quite  usual  to  couple  the  crank  shaft  directly  unto 
the.shatl  ot' tite  d>namt>:  imhvd  engine  and  draamo  are  placed  od 
one  IhuI.  and  the  I'our  s^Ms  of  bnissi^s  are  bored  out  at  one  time 
v»  thai  I  hex  max  Iv  evaotlv  in  line.  When  this  can  be  done  there  is 
;\  xeix  diMuiel  v^xiUi:  ^u  jv>\xer. 

07»  F\<  140  nI^^ws  :\w  m.xlern  term  of  the  Watt  Ooremor, 
U\A%Wil  ,>N  x[  v..^x*   v,>-..:r.*,\    -.N     A  S  is  kip:  rv^iaiinfir.  being  f^-ared 

Wh.v,  :ht    siHvo.  :<  >:<Adv.  tht-  c^iiTrituspJ 
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fastened  to  the  cap  at  A  and  makes  it  rotate.  The  balls  W  are  at 
the  ends  of  the  hell  crank  levers  WFff.  When  the  speed  increases, 
the  centrifugal  force  of  the  halls  causes  them  to  lift  the  sleeve 
igainiit  the  downward  push  of  the  spiral  spring  S;  the  lifting  of  the 
deeve  throttles  the  steam  or  in  some  other  way  diminishes  the  work 
done  by  the  steam  in  the  cylinder.  There  is  usually  an  adjustment 
»t  the  force  in  the  spring  which  is  easily  made  if  the  top  of  the  cap 
is  removed.     By  means  of  this  adjustment  wc  can  make  the  governor 


Wmuch  more  sensitive  than  that  of  Fig.  142.  That  is,  suppose 
the  Dormal  speed  of  the  engint.-  to  be  100  revolutions  ]mt  niinutf  ;  if 
the  sp.:-tfd  increases  to  lOOi,  or  diminishes  to  001,  wo  nuiv  fiml  that 
the  bftllM  fly  out  very  far  or  cmnc  in  near  one  another  vcrv  much. 

When  we  trj-  to  make  a  governor  too  sensitive  and  (juick  wc  may 
«ii»«!  the  engine  to  hunl.  That  is,  the  bait."  may  fly  out  so  much  for 
>  vm-  small  incroa-se  in  spciil  that  -steam  is  shut  uff  too  much  ;  the 
>p«-«l  ilecreascs,  the  balls  Hy  t<K>  near  together  and  Uxi  much  steam 
w  admitted,  and  so  the  sjK'ed  is  continually  fluctuating.  This 
ininting  action  cannot  be  thoroughly  understood   unless    one    has 


studied  vibratory  motion  generaUy,     Solid  friction  ^oiiiotiniM'^ 
it  worae  ;  fluid  friction  as  of  a  dash  pot  greatly  destroys  it. 

The  governor  can  only  pnxiucc  effi-cts  during  tlic  Atlmtiv^ioi 
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les^i 


■A 


Bt«iun  to  the  oylinder;  cmiswjtu'ntJy   for  tho  jirovcntiqa  i 

changes  of  vpwl  wo  nmst  d'piii'i  upon  lli.>  incrtiii  of  thp  fly-wfc 

08.  To  Rtudy  any  csDtrlftical  sovvmor,  FigK  142  or  '- 


X  FLY-WHEEL  AND  GOVERNOR  169 

f«' example,  what  we  have  to  do  ia  to  find  the  equal  forces  J",  Fig.  146, 
which  (if  the  balls  were  not  rotating)  would  just  keep  the  bftlls  in 
that  partictilar  poation.  We  can  calculate  this  (except  what  is  due 
to  friction)  if  we  know  the  weights  and  shape  of  all  the  parts.  It  ia 
am  cxcelleot  exercise  for  students  to  find  this  force  experimentally. 


•^ 


O^ 


ru.  III.— GuoTm  rom  Bon  Duma.  Fic.  Hi. 

Thns  in  a  particular  governor  the  weight  of  each  of  whose  halls 
»as  6  lbs.,  the  distance  which  I  call  r.  Fig.  14(J,  was  carefully 
iMasured  at  the  same  time  that  the  two  equal  Ibrces  F  were  exerted 
ItmzoDtally  out  from  the  axis  by  means  of  two  sjiring  balances.  The 
^KL  set  of  readings  was  taken  when  the  ball:^  weiv  being  overcome 
»d  were  pulled  out  from  the  axis  farther  and  farther ;  the  second 
M  when  the  balls  were  moving  inwards  and  Dveiconiing  the  spring 
IsUnces. 


TiliM  ul  ^  III  hot. 


.15 


It  is  essential  that  even  a  ])eginuiT  >hriul'l  uiidnstaTid  cieariy  that 
^ntrifugal  forces  must  be  just  eipial  to  th.-  valiu-s  nf  /'  when  the 
'^iU  are  just  going  out  or  in  for  their  variiMisjiu-iiiinns.  'nieniiniljei-s 
iilbe  third  column  arc  the  s(ii>e(ls  at  which  th.M'  (vulrif'iigal  iiuw?- 
*«mld  be  producetl,  and  they  are  easily  ealeiilati  d.' 

'  It  iieuy  UiRhow  that  .t  IhhIv  cif  >r  \h.  mnkint;  "  i ■'solutions  j.cr  iiiiniil>'  if  i)>- 
««re  ravoWM  in  •  circk-  of  radium  ,-  ti-ct,  hax  a  i^iurifiiijiil  f..ii,T  in  |«niuU,  ..t  nii> 
Moont  Km*  i-  2837.  Let  the  stuilcnt  taki-  thin  u|i  a-  iin  i-n»y  fxinis«.  HtiKi'  if 
lhc««tnfil^lMe«iii«|iialto  /'.  n  ^    <.' -^OH  Ffu-r.      In  uiir  L-nse  t'-  =  (lllR..,  ami  it 
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Observe  the  calculated  speeds.     We  see  that  if  the  speed  is  29 

the  balls  will  still  tend  to  fall  nearer  even  when  r  is  so  little  as  "3 

if  the  speed  is  306  centrifugal  force  will  just  be  able  to  cause  tfa 

balls  to  move  out  beyond  r='5.    In  &ct,  for  all  cooditiona  of  thing 
for  this    range  of  motiw 
f,A  whether  centrifugal  force  i 

being  overcome  or  is  ovei 
coming,  the  limits  of  spee 
are  291  and  306. 

The  experimental  nan 
bers  are,  however,  a  littl 
misleading,  bccatise  the  frit 
tion  of  the  mechanism  i 
always  very  much  less  whe 
the  engine  is  running  tha 
what  it  is  in  such  an  experi 
ment. 

9d.  I  have  said  that « 
con  caladate  such  a  set  < 
numbers  as  are  given  i 
column  2,  and  therefore  tfa 
speeds  of  column  3.  Tha 
p,o  „.  for  example,  in  the  peodv 

him  governor  of  Fig.   14i 

or  let  us  take  it  as  it  often  is.  the  two  balls,  Fig.  147,  hung  from  pin 

&iE  and  F  ami  two  arms  J  li  and  KB  lifting  the 

sleeve  B.    Now   it  is  easy  to  show  that  in  any 

case  of   this    kind,  if   we    neglect   friction,   the 

s])eed  u   at   which  everything  is  just  in  balance 

is  inversely  proportional   to   the   sipmrc   root  of 

AH.  ' 

The  point  A  is  found  by  pnHlucing  the  arms 

irf  and   WE  to  meet  the  axis,  and  H  is  on  the 

same  level  as  the  centres  ..f  the  balls.     But  if  the 

balls  liy  out  a  little,  A   falls  and   H  rises,  and 

hence   for  a   double   ri'tison    the   distance   A  11 

iliminishes.     Hence  for  ijuite  a  small   range   of 


Pio  1M.-Oorasa(« 


iHj-  1..  «..«  thnt  H  -.    *>1  s'/'/r,      Thiii  \* 
mil  .1  liuvc  iKfii  ontouliit<'<).     \K\*  «>  Iw  iioliciil  tin 
nil  liaptT,  any  ulraiyht  line  ilrawn  thniugli  the 
re   h',r  in  ixinHtaiil  will   icprcaODI   a   portii^ulai 
e  in  grvater  thftn  tliat  uf  a  nulial  liiii'  thure,  il  i 


ilu  from  which  the  ipeeil*  i< 
if  /'  kod  r  are  plotted  « 
igiii  aa  it  puaea  throng  poiak 
ipeeJ.  If  the  alops  of  Ih* />< 
ina  aUbility. 


FLY-WHEEa,  AND  GOVERNOR 


171 


motioD  there  is  considerable  change  of  speed.     It  is  much  better 

to  let  £  and  F  be  close  to  the  axis,  or  even  to  be  in  the  axis  as 

shown   in   Rg.   142.      When  a  more  sensitive  governor  is  desired 

the   arms     are    sometimes 

croseed   as   shown    in   Fig. 

148.      In    this   case   when 

the  balls   go   out,  H  rises 

bat  A  rises  also,  and  there 

■nir  be   as  little  change  as 

ve  |dease  in  the  speed,  for 

qaite  different  positions  of 

the   balls.      Indeed,    it    is 

erideut   that    we    may  go 

bejood  the  limit  and  have 

1  goremor    the     balls    in 

wliich  go  further  out  as  the 

speed  is  lessened. 

In  the  Watt  or  Pendu- 
lum Governor  of  Figs.  142 
'X  147,  if  there  were  no 
frirti(Hi,  there  would  be  no 
lirtQe  in  the  load  T.  W 
is  useful  becaii.se  it  is 
wcessan-  with  it  to  have 
llie  centrifugal  and  resist- 
ing forces  ever  -■^o  much 
^TsaU-r,  and  therefore  the 
f'Tcts    of    friction    in    the  Fin.  i41'.-go\ 

wai  which  must  be  moved, 
Wome  quite  inconsiderable  in  comparison. 
livfs  what  we  call  piiur7-  tn  the  governor. 

It  is  ea.sy  to  show,  a.s  in  tht-  following  cxercisc-i,  that  by  adjusting 
ibe  initial  push  in  the  spring  of  the  Hartnell  Governor,  we  can  make 
I'lnoa'  or  less  nearly  liochronoiu  (ail  the  speeds  of  the  l;ist  column 
"f  the  tabic,  l>ag<'  Hi!*,  tlic  sante)  or  even  unstable,  and  by  incrca-sing 
'te  atifincss  of  the  Mpring  we  make  it  more  powerful. 

lOO.  ImuU'I  Wrill  Ho'fruor.  Kxi 
below  Iwing  iiu|ipii»eil  In  lie  in  llie  a 
diiuncc  of  each  i^  fmin  llir  nxih  1>ciii({ 
nacli  braidea  fnctimi :  it  in  uwy  tu  ».« 


The  weight  therefore 


risE.  In  Fig.  142  the  pins  ahnvi-  nmt 
t  nml  (lie  aniin  eocli  i>f  Icnf^li  I,  the 
'   "'±/  l>«i>ib'  t'l'^  uxial  load,  iiiduiling 
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A  student  will  find  it  very  interesting  to  take  numerical  examples,  plotting  F 
and  r  and  dealing  with  the  curve  or  with  the  numbers  as  described  above. 

Exercise.  Take  w  ^  S  ]b8.,/=  1  lb.,  2  =  1  foot,  find  the  limiting  speeds, if 
the  limiting  positions  of  the  balls  are  r  =  0*45,  r  =  0*55  feet.  Let  this  be  done 
when  the  loads  W  are  0, 10,  50  and  100  lbs.  The  answers  are  given  in  the  table. 
I  also  give  the  fluctuation  of  speed  which  is  the  range  of  speed  divided  by  tiie 
average  speed. 


Values  of  JT, 

0 

« 

10 

50                  100 

Unlcftded 

frictionleH 

governor. 

Highest  speed  .    .    . 
Lowest  S])ecd    .    .    . 
Fractional  fluctuation 
of  speed     .... 

68-45 
46-82 

0-3753 

128-1 
114-8 

0  1095 

251  7 
238-7 

0*0530 

349*2 
334-4 

0*0433 

59-30 
57-35 

0-0334 

1 

give  the  limiting  speeds 


60      /r/      /W  +  w±/  ,  , 

As  we  see  that  n  =  -^  ^  r  /^ where  h  stands  for  \'P  -  r*  we  had 

60      /- 
better  calculate  the  first  part »,—  W  d  at  once  ;  this  gives  evidently  the  limiting 

speeds  for  an  unloaded  frictionless  governor,  or  59*30  and  57*35  revolutions  per 

/TK~+~4  /  ^T  +  »> 

-  —  and    a/  — ^ — -  gi^ 

of  the  loaded  governor  with  friction. 

Exercise.  Prove  that  the  constant  load  Won  the  Watt  Governor  is  l)ettCT 
tlian  the  load  produced  by  a  spring. 

To  do  this  it  is  only  necesHary  to  remeinl)er  that  with  a  spring,  irvill 
become  greater  as  r  increases  ;  hence  in  calculating  the  numbers  of  such  a  tablf 
as  the  above,  take  W  a  certain  amount  too  nmch  for  each  of  the  higher  spee«l!=. 
tills  will  evidently  produce  a  greater  fluctuation. 

When  the  balls  areconne<'Le<l  with  the  weight  in  a  more  ro?njf>/*ra^€/f  fashion 
it  is  easy  to  arrange  that  tiie  action  is  an  if  W  diminishe*!  when  r  increa.«ies,  ami 
in  this  case  it  is  «isy  to  approach  isochronism  or  even  instability.  There  are 
several  governors  on  this  principle. 

lOl.  Exercise.  Assuming  for  ease  of  calculation  that  in  the  Hartii'H 
Gorcriior,  (r  (the  whole  mass  may  be  supposed  to  Ihj  at  »'•)  moves  out  not  in  thf 
arc  of  a  circle,  but  horizontally,  show  that  we  can  get  any  amount  of  pov*^'" 
and  sensitiveness,  stability  <»r  instability. 

It  is  evident  that  /' —  o  -  />/•  ±  ;' wliere  the  constant  a  depends  uiwn  thf 
amount  of  tightening  up  of  tiie  spring  and  the  weight  of  the  gear;  h  is  pr^^ 
IMjrtioiial  to  the  stiffness  of  the  spring,  an<l /"represents  friction.     Hence 


^       w    \     r  J 


Take  ?r  =  3,/—  1,  and  find  the  greatest  and  least  speeds  if  the  greatest  a"^ 
least  values  of  r  are  0*45  and  0  ao. 

I  take  two  cases,  a  stiff  spring,  h  =  200,  and  a  weak  spring,  6  =  10;  I  ta^^'' 
also  various  amounts  of  tightening  up.  Increasing  a  means  increasing  ^^^ 
initial  compression  of  the  spring.     It  will  be  noticed  that  if  a  is  0,  it  iiic^^'' 
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that  the  push  on  the  stiff  spring  when  in  the  innermost  position  of  the  balls,  or 
r  =  0*45  is  90  lbs.,  and  in  the  case  of  the  weak  spring  4 '5  lbs. 
Algebraically,  neglecting  friction,  it  is  evident  that 

dn  1468  a 

dr  wn  r* 

90  that  for  iaochronism  a  must  be  0,  and  for  stability  a  must  be  negative.  But 
when  there  is  friction,  such  tables  of  numbers  as  these,  easily  worked  out  even 
bj  elementary  students,  ought  to  be  studied — 


Values  of  a  .    .    .  i  20 


Highest  speed  .    .   482-9       ,446*5 


Unrest  9peed 


Fnctioiial  fluctu- 

itioD  of  speetl  .     -  0  008 

hevond 
stiibility 


487  0       442-5       437-5       4350 


Values  of  a 


Lowest  speed 


Fractional  fluctu- 
ation of  speeil  . 


For  weak  Spring,  6  =  10. 


Highest  speed  .    .     1300        1230 


118-9        109-4 


1 

115-5 

-1 

-2 

98-9 

89-5 

98-9 

73-8 

57-1 

1 

•0892 


•1170| 


1584 


•290 


•443 


-3 


r90 


330 


•821 


lOS.  The  static  theorj'  of  governors  which  I  liave  given  must  suflSce  for 
tty  readers  for  the  present.  A  satisfactory  general  dynamic  theory  does  not  yet 
«xi8t,  althoQgh  there  are  elaborate  French  and  German  treatises  on  the  subject, 
uid  yet  it  seems  to  me  that  if  a  scientific  engineer  were  to  study  the  matter  he 
*(«ld  not  find  it  difficult  to  create  a  satisfactory  theory.  It  would  deal  with 
^t  solution  of  two  differential  equations. 

1.  The  statement  that  (keeping  to  the  letters  of  Art.  100)  if  ^  is  time,  and 
^  'biffg  ia  the  whole  effective  inertia  of  balls  and  gear  when  the  balls  move  out 


dr. 


'^Adiallj,  and  if  2c  ^^  is  a  fluid  f rictional  resistance. 


dt 

•r      -       _       tr*  cPr         dr 
g  g  dt'         cU 


(1) 
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2.  At  the  angular  velocity  a  suppose  that  there  would  just  be  equiUbrimn, 
if  each  ball  were  at  the  axial  distance  r  -  a?,  the  actual  distance  being  r.  Let 
the  method  of  regulation  1>e  such  that  there  is  a  tonjue  acting  upon  the  engine, 
which  is,  say,  2fi\lf{x).  As  a  simple  case  we  might  take  this  as  proportional  to 
X,  say  20X.  Let  the  whole  momentum  of  the  engine  be  imagined  gathered  in  a 
fly-wheel  on  the  spindle  of  the  governor,  of. moment  of  inertia  21,    Then 

~{(/-^r«)«J+/8^ar)r=0 (2) 

The  solutions  of  these  equations  are  easy  enough  for  the  governors  of  Figs- 
142  and  143.  I  have  sometimes  given  them  to  students,  but  in  truth  the 
practical  problem  has  too  little  in  conmion  with  this.  In  the  first  place  part 
of  this  suits  only  a  steam  turbine,  to  which  one  time  for  regulation  is  the  same  as 
another.  Secondly,  it  is  only  in  electromotora  that  we  have  the  right  to  assume 
that  when  a  regulating  device  is  move<l  the  regulation  begins  almost  immediately. 
In  truth  we  want  2/9ijr(x)  to  be  a  function  in  which  there  is  a  time  lag.  Thus 
X  is  some  function  of  the  time ;  let  ^{x)  be  called  ^  (0»  then  an  approximate 
solution  would  be  obtaine<l  by  taking  the  quickening  torque  to  be,  not  2$^  (0« 
but  2$^t  -  m)  where  m  is  a  constant,  the  amount  of  time  by  which  the  actual 
regulation  lags  behind  the  motion  of  the  governor  balls. 

I  made  an  attempt  myself  some  time  ago  to  form  a  theory  on  these  lines, 
but  I  had  not  leisure  to  finish  it,  nor  can  I  now  recall  any  useful  part  of  it  to 
my  memory. 

103.  The  balls  of  even  the  most  powerful  governor  must  alter  in 
position  if  the  gear  is  to  be  altered,  and  it  is  evident  that  it  cannot 
maintain  an  absolutely  constant  speed.  For  very  perfect  governing 
we  let  a  governor  with  the  very  smallest  motion  of  its  parts  command 
some  other  agency  to  shift  the  gear.  Such  a  relay  governor  may 
command  the  movement  of  great  sluice  valves  of  water  wheels ;  it 
acts  as  if  by  pulling  the  trigger  of  a  gun,  or  like  Von  Moltke  of  the 
German  Army.  A  common  plan  is  to  let  it  shift  the  valve  which 
admits  steam  to  an  auxiliary  steam  engine  which  really  does  the 
work. 

104.  If  the  governor,  instead  of  throttling  the  steam,  were  to 
lift  and  lower  a  link  of  the  Stephenson  link  motion,  it  would 
govern  the  engine  in  quite  a  different  way.  This  method  is  very 
seldom  employed. 

But  what  is  very  often  done  is  to  let  the  governor  affect  in 
some  way  the  point  of  cut  off.  To  explain  how  this  may  be  done  I 
will  first  describe  a  slide  valve  which  has  an  independent  ont  off 
▼alve  on  the  back  of  it.  In  Fig.  150, HLD  is  an  ordinary  slide  worked 
in  the  onlinary  way  by  a  single  eccentric  or  by  a  link  motion.  It 
is  the  pjirt  from  D  to  If  which  is  exactly  like  a  simple  slide,  but  the 
valve  is  mtule  larger  so  that  instead  of  tenninating  at  Dandff^D 
and  -fir  are  merely  two  openings  in  a  larger  casting.  Notice, 
however,  that  D  H  has  outside  lap  and  inside  lap  as  before,  and  80 
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long  as  steam  is  allowed  to  exist  at  D  and  H  and  exhaust  at  £, 
Uus  is  an  ordinary  slide  valve.  The  eccentric  to  move  it  is 
Qsaallj  arranged  to  cut  off  at  about  f  of  the  stroke.  When  a  link 
motion  drives  it,  the  motion  is  never  used  in  intermediate  gear,  it  is 
always  either  in  full  forward  or  fiiU  back  gear. 

As  a  matter  of  &ct,  we  rely  upon  HLD  only  for  admission,  release, 
uk]  compression.  The  edges  JTand  Fmay  cut  off  in  a  sense,  but  it  is 
skatting  the  stable  door  after  the  steed  is  stolen  ;  they  only  cut  off 
the  port  A  OT  C  from  the  steam  spaces  D  or  H,  but  in  truth  D  or 


Pro.   160.— I»D«PE3fDE5T  CUT  OfF  VaLVE. 

B  has  had  its  own  steam  cut  off  previously  by  the  block  ME  or 
tke  block  JV  (?.  The  blocks  Mil  and  N  G  are  worked  by  a  second 
spindle,  B  R,  driven  by  an  eccentric  of  its  own. 

If  only  one  main  eccentric  works  P  Q,  the  main  valve,  the  cut  off 
eccentric  is  about  90"*  ahead  of  the  main  eccentric.  This  is  the  best 
tngle.  But  \(  PQia  worked  by  a  reversible  link  motion,  the  cut  off 
eccentric  is  symmetrically  placed  relatively  to  the  fore  and  back 
niain  eccentrics. 

I  do  not  think  that  this  motion  can  be  understood  by  beginners 
onless  there  is  a  model. 

With  a  model  one  interesting  exercise  is  to  show  how  the  cut  off 
alters  when  we  alter  the  distance  from  E  to  (i.  The  ro<i  B  has  right 
and  left-handed  screw  threads,  so  that  if  it  is  turned,  as  it  may  be 
by  the  engine  driver  or  by  the  action  of  a  governor,  the  cut  off  is 

altered. 

Another  exercise,  more  important,  is  to  show  how  the  cut  off 
altera  when  we  alter  the  travel  of  the  cut  off  valve.  This  is  the  usual 
way  in  which  the  governor  varies  the  cut  off,  and  in  Fig.  143  I  show 
how  a  Hartnell  Governor  lifts  the  rod  JL  and  so  lifts  the  valve  rod 
KL,  the  block  K  sliding  in  the  slot  of  a  link  MN,  M  is  the  fixed 
point  of  the  link  and  P  is  the  cut  off  eccentric  rod,  and  hence 
when  JSTis  lifted  the  travel  of  the  cut  off  valve  is  lessened 
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from  two  to  three  t 
water  per  hour.  At 
of  it  are  easily  access 

The  ihell  is  fun 
plates  of  iron  or  stee 
single  or  double  i 
joints ;  a  single  plaU 
20  foet  long,  S^  te» 
forms  one  of  the 
shown  in  Fig.  151. 
cylindric  vessel  is  ti 
likoly  to  burst  sidei 
endwise  (even  neg 
the  extra  endlong  st 
due  to  flues  and  staj 
Htraight  side  seams 
break  joint  along  the 
are  much  more  si 
made  than  the  c 
seams.  Thus  if  th 
scam  a  are  double 
butt-jointe,  with  two 
ing  plates  (see  Fig 
the  circular  seams  are 
or  double  riveted  laf 
like  Figs.  156  or  15' 
Hiilc  scam  is  exposed 
flue  gnaes. 

The  holes  for  tl 
arc  bored  out  of  the  I 
plates  (which  an 
turned  up  on  their 
and  the  flues  are  fi 
either  by  stiff  angle  i 
shown  in  Fig.  151, 
flanged  ends.  The 
formed  of  lengths  o 
welded  up  so  that  t 
no  viMble  straight 
notict-  that  even  tl 
loway  water  tntx 
are  welded  into  t 
rings  witboat  vuibli 
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iatage,  not  merely  because   there  is  less  fear  of 
»  because  riveteil  joints  in  aiiy  flue  are  apt  to  get 
r  the  grate  we  nrv  jwrticiilarly  nnxicms  to  avoid  stianis 


w  (boirliiir  B'Wti'  n  I",  jolulOB  ul 


i^e  ends    of  the   rings   are  flanged  and  rivetei 


ring  of  plate  between  which  is  good  for  ■ 
B).  These  fljHigwI  joints  stiffen  the  flue  against  a  cr 
p  kind  of  collapse,  and 
ty  Riach  better  than  the 
■i^  159,  160.  awl  I'il. 
Well  that  the 
rings  in  the  two  flues 
lie  close  together,  as  ihr 


liking 

iinpling 


Sometimes  the  lengths  of  flue  are  corragatetl, 

of  b'.iilers  need  cnruful  staying.  Xoticc  the  gUHfi<'t 

■.  15t  and  1 3:!,  fastening  the  endx  ut  the»hell,and  also 

bulu  fnmi  f!ttd  til  end.     t'lgH.  153  and   168  show 

uv  fct'lemni  with  largo  waslitirH.     They  are  fiurly 

1  14  iuchw  above  bbe  tltm.    All  so  neouKwry  as 

X  3 
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these  long  holts  may  be,  some  eo^eers  thiok  that  they  ought  not 
be  used,  as  they  unduly  prevent  bulging  of  the  ends.  In  the  figui 
the  gusset  piecee  come  down  too  closely  on  the  stays,  giving  t 


DoDRLi  mvmn  Ltr-ioarr. 


much  stiffness.  The  ends  are  usually  gths  thick  for  a  world 
pressure  of  100  lbs.  per  aquare  inch.  The  ends  ought  not  to 
thicker  than  is  actually  necessary  for  strength,  because  it  is  go 
that  they  should  yield  easily.  The  ends  of  the  shell  are  in  b 
halves  welded  together,  turned  up  on  the  edge,  bored  out  for  the  flu 
Probably  the  most  important  thing  to  consider  in  boilers  is  t 
effect  of  unequal  tamparatnrei  in  the  various  parts.  Soon  after  t 


fires  in  n  T^ncashirc  boilrr  are  Iighte<],  the  front  end  will  bo  fono 
to  bulgi!  or  brfatkf,ai<  it  is  called,  hh  nnich  as  ^th  of  an  inch,  iil> 
tbv  flucM  ari>  found  tu  hog  or  rise  in  the  middle  as  much  aa  0*S  ioeb> 
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InnSO-foot  boiler  the  Huesareat  200' C,  the  shell  is 
KX)'  C-     Wh»l  is  the  difference  in  the  amminta  of  expansion  from 
< '  if  both  HIT  fme  to  expand  ! 
AnMrr.      80"  -  -43*  =  -43'. 

h  in  ihi^rerum  very  important  in  designing  any  boiler,  to  arrange 
!-.'  «iy  jKirt  may  become  larger  or  smaller  without  unduly  stressing 


itMfHt  •• 


/!••• 


VM.  Ion.— COUtlKUTED  KlI'EL 

^^Mlfor  the  other  parbt.     It  is  for  this  reason  that  many  makers  say 

^Bkt  80  &«l  i»  the  maximum  length  for  a  Lanca.-ihire  boiler.     Note 

VmI  to  have  an  exti-mnl  angle  iron  at  the  front  allows  more  spring. 

^?  atnnot  have  one  at  the  back,  as  fiimace  gases  would  hurt  it. 

-iim  bi'ileni  are  distinguished  by  possessing  this  thermal  iprln^- 

rw;  fflrmgatwl  flut-s.   Hanging  of  plates  in  gpneral,  and  in    par- 

jlar  the  flanging  of  the  flue  rings  of  Fig,  151.     The  bent  tubes  of 

■  Thomyf-nift  boiler  (Fig.  20i))  conduce  to  springiness.     Of  course 
)>tcveat  UD«'qtinI  h<^uiting  as  much  as  po.ssibl&     For  example.  not« 

"  the  cool  feed-water  enters  by  the  long 
ir-  FW  (Fig.  151  J,  as  it  does  also  in  the 
-nn*  boiler,  so  that  it  cannot  produce  loi 
pil  coolinji;  iif  any  part  of  the  boiler.  The 
ftnal  Biraining  of  the  marine  boiler  of 
.-  203  xhows   itself  nunit   by  the   leakage  of 

■  iiibf-s  in  the  combustion  chamber  under 
..l.l„„,g|,L" 
n,.    ;h<_-or)-  of  strength   of  a   shell  nally 

!■  i;  t-.  upon  the  pulling  force  being  uniformly 

'..Ttinr.-.!  nmiid  any  plane  section  thai  may  be  imagined.     When 

•i:a\Li-  a  hole,  anil  es|>ecial)y  when  we  maku  a  large  hole  {this 
-hy  »e  like  all  ftltiugs  t<i  have  sejiarate  moulh-piuccs),  care 
!•:  b«  taken  to  m>  etrctigthen  the  plate  rfjund  liie  bole,  that  it 
'■'  be  able  to  resist  the  quite  different  sort  of  forest  introduced 
-iiiwr  we  havu  a  mouth -piect?  f«>r  M>me  kind  of  fitting,  iii^tvad  of 

V*rhaa  tke  UghlMi«aC*n  ima  join!  ilqwiuLion  Hiueeiing,  >  rsl  hc&t  prnduwa 
."^^aUof  acUCMi,  BBtl  thaelutli^  prrimre  ii  opt  to  duappui ;  buiuti  tubca  ImUe. 


For  example,  note 


Piu.  m-K>u  ■ 


I 


182 


THE   STEAM   ENGINE 


a  continuous  piece  of  boiler  plate.  Fig.  165  will  show  the  sort  of 
precautions  taken.  A  single  row  of  rivets  may  suffice  when  an 
opening  is  small,  but  a  double  row  is  necessary  when  the  openiag 
is  large. 

100,  The  dome,  sometimes  wrongly  used  on  I^ncashirc  boilers 
(because  it  is  expensive,  weakens  the  shell,  tends  to  leakage,  and  is 


unnooo,sRnry,  or  unhandy  when  the  boiler  is  carried  or  is  being  turned 
round  on  its  scat  to  he  mended),  as  well  as  on  locomotive  bwleis, 
needs  special  care.  Some  makers  do  not  make  a  largo  hole,  bnt 
merely  porfonitc  the  plate  underneath  the  dome  with  many  hole*. 


Ti)  fittnch  any  Httiiig  wo  must  have  .iiiitable  fitting  or  seatlflf 
block!  like  Fig.  Ki.'i,  iH-rmancntly  rivcti-d  to  the  shell,  and  bolt  the 
siifriy  vulvt's,  stop  VFilvi-,  iiiiin-hiilc  diior,  &c.,  tn  ihi  m  on  truly  planed 
ijici*.  Such  seating  blocks  niv  ni'vi-rnow  iif  cost  iron,  nor  indeed  of 
malli-able  cast  iron,  fur  although  this  lomis  itself  to  the  riveting  pro- 
cess, an<l  is  sutliciently  malleable  For  the  purpose,  we  can  now  ubttio 
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ste«]  csstjnga,  which  are  much  stmuger.  Also  we  find  there 
U-ndcnc)'  t«  leakage,  and  leakage  leads  to  corrosion.     A  man- 
fitting  of  the  most  approved  design  is  shown  in  Fig.  166.     The 
Fig.   151.  has  Qo 
'ioDc.    F  U  m  borizontal 
ppevell  perfomt«d  along 
lu  upper  itur&ce,  and  dry 
ftnui    tuaj     bo    draw-n 
cny  tfariiugh  the  atop- 

ntre    attachtKi     to    Q.  via.  i«6.-ma!i.)ioi.i  oook. 

TW  w&ter  is  in   ebulli- 

tin,  ihe  ttlnam  spmx  has  much  spray  in  it,  and  domes  or  other  con- 
ttinoices  an?  adopted  so  that  steam  may  be  drawn  off  without  prim- 
ing at  aotae  place  where  there  is  almost  no  spray.  Priming  means 
At  carrj'iag  off  uf  water  with  the  stettm.  The  steam  pipe;;,  however 
ttll  covered,  will  allow  some  more  steam  to  condense,  and  hence  a 
Hpumtor  lik«  Fig.  3  is  interposed  before  the  steoin  gets  to  the 
(jhtujer.  A  ponnil  of  high  pressure  steam  is  produce<I  with  less 
AolUlion  than  one  of  low  pressure  steam,  because  it  occupies  a 
smaller  volume-  Priming  is  not 
only  excessively  wasteful  of  en-' 
crgy,  but  it  may  cause  fracture 
in  the  cylinder.  In  boilers  power- 
ful for  their  size,  priming  leads 
to  unexpected  shortness  of  water. 
It  is  produced  when  there  is  high 
water  in  even  a  well-arranged 
boiler  if  there  is  too  sudden  a 
demand  for  ^li-nm  with  rapid 
combuatioD,  and  esfiocially  if  there 
is  much  Bcmn  on  th*  surfaw?  of 
the  water.  The  only  immediate 
remedy  ia  to  check  thu  demand 
for  stoun,  check  the  fir<?s,  and 
blow  off  scam  if  necessary-.  When 
priming  is  leait  serious  and  as  it 
to  meosun-  thr  amount  of  it,  it  is  usual  to 
What  i«  railed  superheating  ia  in  tnaaycsMe 
V  hisat  of  the  wrtnuSK  of  the  steam. 


UK  Ddows  But 


I    118801   pipe 


like  the  feed 


|ii|)o.  common  to  a 


klirr  of  th-ilert.  and  c^nnt-nling  them  with  thv  engine,  ought  not 
\  UrngUt,  M  that  thero  may  be  clanic  peldiug  to  osjAOsioo  and 
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contraction.  This  is  better  tban  having  an  expansion  joint  a 
expansion  diaphragms.  Parallel  U  joints  are  used  greatly  in  electnc 
light  stations.  The  stop  valve  of  each  boiler  admits  steam  to  Ha 
main  pipe  through  a  junction  piece,  which  ought  to  drain  down 
to  the  main  pipe,  else  it  may  become  filled  with  condensed  water 
when  its  boiler  is  not  working.  Ccndensed  water  produces  uxittr 
hammer  effects  which  may  cause  fiactures  in  pipes. 

Figs.  167  to  171  show  forms  of  stop  valve  which  may  be  used 
on  the  fitting  C  in  taking  steam  from  the  pipe  F,  Fig.  151.  The 
valve  is  adjusted  in  por- 
tion by  the  handwheel,  the 
screw,  and  out  Notice  that 
the  nut,  which  is  often  oat 
of  sight,  is  much  better  b 
sight  on  a  sort  of  bridge. 
The  stop  valve.  Fig.  I6811, 
uoed  in  marine  boilers,  ud 
the  regulator.  Fig.  64,  used  in 
locomotives,  ought  also  to  ^ 
studied.  The  double  \xA 
or  equilibrium  stop  valve  ft 
Figs.  167, 170  and  171  reqniw 
no  explanation.  There  is  veij 
little  force  required  to  open 
it  or  to  close  it. 

ME,  Fig.  151,  is  the  man- 
hole, to  allow  a  man  to  get 
inside  the  boiler  to  clean  it 
The  mouth  is  one  forging 
and  is  riveted  to  the  shell 
with  a  double  row  of  rivets 
as  in  Fig.  166.  The  boilerin 
given  a  "  hang  "  of  an  inch 
(J)'  iwii  to  till'  ftMiit  end  to  ensure  complete  drainage,  and  J/ is  the 
iiiii'lli<il<-  (iilsii  witli  ii  strong  mouth-piece,  external  or  internal)  placed 
III,  llii'  IVoiit  Ml  lliiil  the  boiler  may  be  completely  emptied. 

■''illiii^K  tliiit  ari'  fR^niently  in  use  are  attached  to  the  front  ol 
ih''  hoil.r.  The  feed  is  admitted  at  FW,  Fig.  172,  at  4  inches 
:ili'ivi-  i.iii'  Icvrl  i.f  till'  furnace  crowns,  so  that  should  the  feed  valw 
ii  i>L'.  l,li<'  liiiilir  wilier  vaiiutit  be  syphoned  away ;  the  feed  drops  &oo> 
i.(><i 'li>i|i<'r>irig  iiiji''  F  T,  Fig^.  151  or  173, 12  feet  long, perforated (tr 
till.  liiiiL  '|i  l'i»-l,,  ill  Hiich  i\  way  that  there  is  not  much  local  cooling 
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Iihf  scum  U^  SJ'.  Fig.  172,  dispharges  from  the  sediraent  catcher. 
Tmi  kUm  gmngtB,  G  O.  Figs.  172, 174, 175.  i^gw  the  height  of  the 


f  ^  tlw  bartvtttid  «t*ua  ph«b  iDnido  boiler,  ti>UAUy  In  two  bruchdv  Ttlh  n  , 
Uia  te  !•■  ■PRT  (orfM*.  tdklne  ilawn  without  priJuiDa.  The  buidlo  11  U  mmty  J 
ttfnt  tbnlHVDa  tt<  WL  1%.  budwhwl  W  cIom.  tbe  m^  .nd  •hnT.DR 
IMctUlwfPiaallii  nUi«^  WIibd  u  ibifwu,  tbo  nlTskeoiM  open  odI/h  long  u 
lfe*U4l«  snHuiv  on»l<  tliKt  tn  tbe  pipu;  tt  wlUiliut  Utba  boUcrlnreccMiig 
«^  b^  lb*  pIpB.    >o[»  the  sfitBD-' —      ■" ' ■  "' 


Thfin  ^n  ilop  tkIvh  oj 


1^  *l«r.    There  are  many  forms  in  the  market.     When  open  above 

^■IJ  below,  the  water  level  is  visible  in  tho  glass  tube.     The  tube 

IH^^I  ki  be  easily  rer)laceable  when  broken.    The  plugs  A.  B  allow 

"*  "fit  wire  entering  to  clean  the  pas,sages.     The  stand-pipe  i*  is  of 

^  luctjJ,  sometimes  it  is  not  used. 

lowwt  tap,   C,  nUows  of  blowing 

Hg4  Xo  modem  boilers  ith   cocks  are 

^^■■td     inndv     with     asbestos.     In 

^^^■e  boUen    the    three   c<H-ks  may 

^^'flpenrd  from    the    stokehold    flwjr 

vlly    ihree     rotumon     tapts    (teit 

ockii  are  aUo  provided  (symetiinf-s 

■  ••■■    ^(nndpi|n.^,    oanally    on    the 

1 1 1,   oav    above,   one    Ik-Iow. 

.'T  just   alwiit   at   ihe  UMiii! 

1.^;  .■^•J..  Much  judgment  is  neces- 
«l]r  as  lo  the  waUt  U-v<:I  in  a  marine 
^*ttT  wbeo  *  T(:««4^1  has  a  list  to  one 
*iiW  and  aim  on  a  Inconmtive  un  a 
*^\%  incline.  Pi!.  Fig.  172,  is  a 
WuiJoa  prowure  gauge  ?li<>wn  a.\»n 
'"  Tig.  176.  Somctimi-s  two  are  usi-d  on  each  boiler.  By  turning 
' '  Itandlu  the  aKaiii  prensure  is  applied  tu  the  lube  H  V  C.  whose 
'•iin  is  BbuwD  nt  A.     Such  a  tube  tends  tu  stnught^n  itaclf 


hS 


Such  gauj 
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iH-caiiso  this  allows   it  to  boooiae    Inrf^ur  in  voliinio,  oat)   in  > 
80  its  closed  &ee  end  £  pulla  a  link,  and  by  the  irpiir  sector  am 


in  m^ 


pinim  turns  the  poinber,  wbcse  angular  motion  w  dm 

tioiuU  to  the  prcMure  (above  atuio8{>licric>.     Such  gniigas  otigl 


i'J<> 
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N</U'  i.liHt  witli  all  llKfM  Kttings  at  the  front  of  tbe  boiler  dK 

Nlytk'-r,  wiLlinut  i-Uut\niiii  luty  laildc-r, .stiex  the  height  of  the  wat«r,Biil 

t,\nt  pMwiiii'i-  uJ'Htiuiiii ;  liiii  hU/w-unt  tup  Is  handy,  behind  bim  inhii 

(MMil  Ht;(l  his  damper  balance.    If  he 

|1  luiH  Ixfu  properly  encouraged,  he  i> 

IS  H  really  a  Kkillcd  workman  and  he  keep 

^V  -  Jjfc^  — I  the  boiler-room  perfectly  tidy-lookii^ 

the  Hoor  clean,  no  evidence  of  leaking 

water,  the  brass  and  other  beading « 

the  fiiniace  mounting  parts  bright. 

The  flooring  plates  ought  not  to 
butt  up  ^niust  the  boiler;  they  ought 
to  1h-  easily  lilted  so  that  the  hearth- 
pit  may  be  open  all  along  a  range  of 
Uiiler*.  hi  it  is  the  main  feed  pip« 
and  tin-  discharge  pipe  for  blowiof; 
out  sciiin.  The  pit  may  be  3  foei 
widv.  i\  .Iwp.  The  flue  doore  open 
into  ii.  The  brickwork  is  shomi  in 
FijT.  i;:l.  sot  back  6"  in  front  to  be 
«v  I'l'  ill.-  .tuijlo  ir»ni.  The  ti\'i;!  wall  is  recessed  nmnd  the 
'H  ,'(H  vUvtt   pi(v.  Wviui;  ii  t'lw  in  i-ase  of  settlement. 

Utt.  Th»  bMt  tfOT«rins  tvT  a  s;a:i..iuiry  K»iler  is  an  areh  of 

;,'m».",x  «■.;:;  .;  i'  ■,;!,■■;  ."..a-jr.vv  :r  "■.  '.h.   she'll.     This  space  imj 

■   ,-■    «..'■    ..^^    -'.n-.v^^    ,;■   ■.:'-.■.■,■    ;L.:>yvrAi'.:o:ini:    uateriaL 


LU^S   cXJ..-sUlg 
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The  low  water  safety  valve  needs  frequent  testing  and  an 

cmtUDBtiaD  evtrr}'   time  the  biiiler  is  cleaned.     It  is  fitted  to  D, 

Fig.  151.     Thi!  valse  24"  diameter,  is  loaded  directly  by  a  spiudle 

«ritli  «  weight-,  aliio  by  uouther  weight  and  negatively  by  a  float 

igh  a  lever.     When  the  water  is  too  fow  the  weight  of  the  float 

.;rt»i<T  u>d  canws  less  pull  on  the  valve  spindle,  and  the  valve 

-  ami  gives  an  al&im.      The  valve  V  if  it  bfts,  lifts  another  valve 

>f  S"  dtatneter,   but   V  may  liil   independently  of   V,  bi:ing  a 

■  r  loadwt  safety  valve.     It  is 

.^lurtaot    that    even    a   .skilk-d 

mxkman  may  not  have  it  in  his 

pwer    lo    tAuipi^r    with    safety 

Fig.  182  :ih»w^  a  lever  lafety 
ntve,  well  known  to  e\eryl}'xly. 
Ni^-  that  the   SK-at    13  flat   and 
n.  nUTDW. 

ExERaHE.    The  valve  has  an 

-"--i  nf  about    b    s')iiare  inchi'ii. 

-    borizoQtal  distances  an.-  VD 

i'.DG  =  10'  (G  \h  above  the 

r.tre   of- gravity   of  the   lever 

A  th<t  inver  weighs  6  Ibs.r.  E 

tbore    the    centre   of  gravity 

'.ii^  w-tKht,   which  is  tiO  llw^ 

A.V..  weigh  7  lbs.    Find 

r,  .   DK  if  the  valve  i^ 

1  H*  lbs.  [Kir  square  inch 

■i-sphem.      Repi-at  the 

■,  fur  the  [nefisures  110 

281)5,   2615.   23-65,  p^,j 

Ht-nct!    thi?    marks 
I'    portions  of  E  on  such   a  \n\ 
,j.art  for  every  10  llis,  diffi  rem-* 

-,   whether  direct   or   through   h  virs,  are    repluietl  by 

11  for  locomotive  and  inarrne  salety  valves.     Xow  when 

valve  openi  and  steam  is  i-scaping,  th.*  toUl  force  exerted 

ii>   imiv  Ive  jn-'-'it'T  or  maybe  less  than  whon  the  valve 

•  f^pi-nding  oixin  the  shape  of  it.     It  doe«  not  «fcm  to  be 

;..-K-itilv  known  thai  by  properly  shaping  the  nnder  nufcce  of  a 

.  ve,  and" especially  by  extending  it  beyond  its  seat,  it  is  easy  to  get 


if  It  lb  gnuiiinted  are 
preseure. 
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frrtAttjr  lifting  frrce  when  the  valve  is  open.  Some  eagineen  have 
for  long  lx;t:n  ajtplving  ihia  principle.  Genenlljr  the  lifting  foneii 
!<:»t  if  the  vahc  in  opi-n.  For  example,  even  in  weighted  sejdj 
valves  it  linn  \»:t;n  I'minfl  that  when  set  to  lift  at  60  lbs.  per  squin 
ineh,  even  twice  the  lifting  pressure  was  needed  to  keep  the  v&lve 
!tiifti(;i<;ntl\'  ojo-n  for  the  (?scai>e  of  steam.  This  was  probaUy  too 
Htiiali  a  vftlvi;  tor  the  size  of  boiler.  It  is  evident  that  a  number  of 
HiiiatI  viilv'H  iiiiiHt  Ix!  better  than  one  large  one  because  there  is 
iiiorc  o|M-iiing  for  the  Miinc  lift.'  In  well-proportioned  dead  weight 
Mifoty  vHlvf>>  it  iH  iiHimllj'  expected  that  if  a  preaflore  of  60  lb&  per 
H(|imiii  inch  oih.'Iim  the  valve,  a  pressure  of  70  Ibe.  will  keep  it  snffi- 
nii'iitly  o|icti  fur  thu  (■ncu^h;  of  all  the  steam  produced.  It  would  be 
better  if  tin-  load  diminished  as  the  valve  opened  more  and  nxxe. 


Ill.'ll'-llir 

M.i.'li 


li.'iii-i--.  n'hiiui'f  is  n;i' 


.  whi'ii  ;i  spriiiii  i"  nscil.  the  more  the  valve  opemthe 
.'    linvf   I'xiTiiil    liy  iho   spring,  so  that   the  evil  is 


ijtlaved  in  remedying  this  defect,  but 
;»:illy  placrtl  upon  largeness  of  valv(«. 
valvo  box  so  as  to  get  suffitient 
I  t  hi'  (ISO  of  si>  long  a  spring  that » 
oh  at  most^  of  extra  comiiression 
ho  v;,lv<>  lift. 

^^mlllrl■'SS^H^  axially  by  an  ainoonl 
. hill  ii  i;:  olosod :  the  extra  force o 
1  i\>iupr<-*sion.  Notice  in  Fig.  185 
il  :''.:c-  springs,  and  how  the  eon- 
.    ■.;•,■.:>.     Stoam  escapes  into  tbe 


■'iw  are*  i»  tZW,     It  we  hive  tiro d 
'.  a::.]  ilic  sum  of  theii'  edge  inn* 
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^  steam  ptpc  which  goes  up  atongside  the  funnel.  Alao  notice 
iKe  %i»IvirS  niay  be  liftt^d  by  the  lever  L  independently,  either 
.  the  deck  of  a  vessel  or  the  stokehold. 

it  h>u  been  found  that  a  IJ-iiieh  pipe  will  discharge  steam  from 
Ai  mart  powvrltil  locutnotive  boiler  as  ^t  as  it  can  be  generated. 


kiti'!-.  of  wajl-ly  valve  u.si.'d  on  locomotives  are  tlii_-  spring  lever 

r   rji-boltom.     In  the  first  we  have  an  ordinary  lever  safety 

i  t.y  ft  spring  iastead  of  a  weight. 

I       Ranubottom  arrtuigenient  is  shown  in  Fig.  1S4.     The  two 

.I*  w  A  and  B  tend   to   lift  eijually  against  tlie  force  of  the 

iig.     For  if  A   liflH  bcfun'  B  the  loud  uu  B  nligbtly  dtminiahes 

t  tbf  load  on  A  incrcaseM,  because  the  point  C  is  at  a  level  below 

inint  --I.     The  piece  AB'vi  lengthened  to  enable  the  driver  to 

;  ibc  I'slvefl.     He  \»  able  to  diminish  the  load  on  either  valve,  but 
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not  to  increase  itv     In  this  an'HDgement  tlu're  iii  no  conigteasatiou 
the  increased  pull  of  the  spring  as  the  valves  open. 

The"Naylor"  contrivance  for  altering  the  leverage  when 
valve  opens  was  one  of  the  first  methods  adopted,  and  the  pHnc 
on  which  it  acts  ia   that  of  subm.H)ueut  fontm  of  which  there 


Pu.  lU.— IUhuiittiih  Strnnt  Vilti. 

many.     A  spring  kept  the  valve  pn>wuHl  down  iipiin  its  » 
n  bent  lever,  and  whun  Ihu  valve  opcnt-d  thw  leverage  of  tim  i 
diniiniiihud  un  account  of  the  shapi-  of  the  lever,  and  iherKfun; 
tendency  of  the  spring  to  ki^vp  the  vulve  eliMu.-d  did  Dot  g 
although  th«  pull  in  tho  spring  itwlf  might  be  grettt«r; 
bmdeocy  to  keep  the  valve  cUwed  might  bo  tesMined  I 


ttmSatv 
did  Dot  got  jaa 
;rettt«r;  Ufl 
iMined  M^^H 
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peBed,  depending  on  the  exact  lengths  and  shapes  of  the  two  parts 
f  the  lever. 

This  same  principle  of  compensation  is  used  in  many  other 
ipplications  of  springs — when  it  is  thought  necessary  to  diminish 
the  inflnence  of  a  spring,  as  it  is  more  strained.  I  have  myself  used 
the  idea  in  the  construction  of  measuring  instruments. 

In  practice  it  is  found    that   with    ordinary   care  regularly 
tMpaeteil  fiu;tory  boilers  almost  never  burst.     Ordinary  care  in- 
Tol?es:  1.  Attention  to  water  gauges  (never  let  water  level  sink  out 
of  sight,  and  often  try  the  cocks),  and  blow  off  cocks  (sediment  in  elbow 
pipes  before  starting  engine,  and  scum  before  stopping  to  bo  cleared 
off);  never  empty  boiler  when  steam  is  up.     2.  Never  raise  steam 
hnrriedly :  in  a  Lancashire  boiler  six  hours  are  often  given  to  gradual 
beating  from  cold  condition.     3.  Clean  monthly  or  oftener,  removing 
Kile  iriien  soft,  that  is,  as  the  cool  boiler  gradually  empties  of  water, 
reiDo?e  scale  aboat  water  level.     Sweep  plates  and  flues  every  three 
months.     Leakages  ought  to  be  stopped  at  once  to  avoid  corrosion. 
Fosible  plugs  cleaned  both  on  fire  and  water  sides  once  a  month,  and 
the  fusible  metal  renewed  once  a  year.     All  cocks  ought  to  be  ex- 
uniitcd  oDoe  a  month.     4.  Ease  and  test  safety  valves  and  low  water 
tUrms  every  day  and  never  overload.     Beware  of  condensed  water 
before  opening  a  stop  valve  and  open  gradually.     5.  Use  no  un- 
known chemic^s  for  the  prevention  of  scale.     6.  At  ever}'  oppor- 
tunity raise  objections  to  the  admission  of  oil  with  the  feed  water. 
Kwl  most  be  used  in  the  engine  cylinder  (and  it  need  not  be)  let  it 
be  filtered  out  of  the  feed- water. 


o  2 


CHAPTER  XII. 

STRENGTH  OF  BOILERS. 

113.  Strength  of  Thin  Shells. — In  thin-shelled  vessels,  such 
as  boilers  and  pipes,  subjected  to  fluid  pressure  p  inside,  we  assume 
that  the  tensile  stress  /  is  the  same  throughout  the  thickness;  so 
that  if  a  is  the  area  of  inetal  cut  through  at  any  plane  section  of 
the  boiler,  af  is  the  resistance  of  the  metal  to  the  bursting  of  the 
boiler  at  that  section.  The  force  tending  to  cause  bursting  is  Af 
if  A  is  the  whole  area  of  this  plane  section  of  the  boiler.  Hence 
the  law  of  strength  is 

af=Ap (I). 

(I.)  Thus  in  a  spherical  thin  boiler  of  diameter  d  and  thick- 
nciSH  t,  if  we  consider  a  plane  diametrical  section,  A  is  —  rf-  and  a  is 

wdt,  and  hence  (1)  becomes  irdtf=  -rd^p,  or 

4 

p  =  4>  tf/d (2). 

It  JH  easy  to  show  that  there  is  more  tendency  to  burst  at  a 
(liiiiiH'trical  section  than  any  other. 

(II.)  In  a  thin  tube  of  diameter  d  and  thickness  t 

I.  (yonsidcr  a  section  at  right  angles  to  the  axis;  A  is  — rf^and 

//  in  irdf,  and  honce  we  get  the  same  rule  as  for  a  spherical  shell. 

(2).  ( /onsider  a  section  through  the  axis  and  imagine  the  boiler  so 
lon^  that,  the  strength  of  the  ends  may  be  neglected.  If  /  is  the 
li'ii^l.li,  A  is  Id  and  a  is  211,  and  (1)  leads  to 

P  =  2tfld (3> 
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Hence  the  tendency  to  burst  laterally  is  twice  as  great  as  the 
tendency  to  burst  endwise.  Also  if  we  study  in  the  same  way 
the  tendency  to  burst  at  any  other  section  we  find  that  (3)  gives  the 
least  bursting  pressure,  and  so  we  use  it  in  calculations. 

Note. — ^To  prove  that  the  force  tending  to  cause  bursting  at  a  plane 

section  of  area  Aisp  A.     Let  D  JE,  Fig.  185a,  be  a  thin  boiler,  inside 

which  there  is  the  uniform  pressure  p.  The  pressure  is  always  greater 

at  greater  depths  in  any  fluid  because  of  its  weight,  but  I  shall 

neglect  this.     The  fluid  forces  are  everywhere  normal  to  the  shell ; 

whsX  is  the  resultant  of  all  the  forces  acting  on  the  part  BFCl  Now 

these  forces  are  exactly  the  Bame  on  BFC,  Fig.  lS5b,     But  in  Fig. 

1856  the  whole  boiler  consists  of  the  part  BFC  and  a  plane  rigid 

plate  B  C,  on  which  the  forces  are  all  parallel,  so  that  we  can  find 

their  resultant.     The  resultant  force  on  £  C  is  its  area  A  multiplied 


¥10.  1856. 


kyp,  and  we  know  that  this  must  be  equal  and  opposite  to  the 
ftsultant  force  on  BFC.  The  principle  used  in  this  proof  is  the 
AiDdamental  principle  of  mechanics ;  Newton's  great  law  (some- 
times called  three  laws)  of  motion  is  perfectly  easy  to  understand, 
*wi,  when  understood,  applicable  to  the  solution  of  most  complex 
Hoestions. 

If  the  boiler  (Fig.  1856)  were  placed  on  a  tnick  with  frictionless 
wheels  there  would  be  no  more  tendency  to  move  on  a  level  road  (or 
00  any  road  if  we  neglect  weight)  when  there  is  great  pressure 
wwide  than  when  there  is  little.  The  force  due  to  pressure  on 
*ny  one  little  portion  of  the  surface  balances  the  forces  on  all  the 
rest  of  the  surface.  Hence  it  is  that  if  we  make  a  hole  there 
tt  a  want  of  balance,  and  our  tnick  will  tend  to  move.  When 
we  make  a  hole  anywhere  the  pressure  is  no  longer  the  same  every- 
where becaufle  the  fluid  is  in  motion,  and  hence  we  can  only  calculate 
^  unbalanced  force  by  knowing  the  momentum  which  leaves  the 
V€aiel  per  second. 
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114.  Siorage  Capaeity  of  Cylindrif  !'««/*.— Tbo  valuinn  of  Um  oyUmli* 
being  ■',  ftuil  lliH  «•(«  prwHiiro  p,  w«  nuiy  tako  vp  lui  iiiv^irliuii*!  U>  tttit  •nvrgy 
which  iiiaj'  be  Htored.  If  tlie  ilinmeter  ■■  rf,  und  thicknuu  r,  and  length  I,  Uw 
volume  ia  c  =  \iPt.  The  B<tf(<  ]iraniiii'e  Up  =  2l//tl.  Hie  wei|jbt  of  tlia  hmuI 
b  Ff'=«iir'u',if  u  is  tile  weight  of  unit  volume  of  the  materikL  The  aurtMoi  ul 
the  vcHnel  i»  A'  =  writ.  In  all  cajfen  wu  negluet  the  eiiiU.  The  Miini^  u*(i*nily 
for  energy  p«r  unit  weight  of  voMol  i»  i  <^''  ;  -i-  '"^f"'  "r  /JSm,  ao  w*  ■««  that 
it  i<  Intlepcndent  nf  the  iliunetor.  In  tu)ie»  of  wiit«r-tut>e  boilen,  in  wliHdi  tka 
Burfwje  iniglit  M  be  gruBt,  we  wioit  surtsee  -f  ly  lo  Im  gi-Mt.  Thi«  ii  2 '/  or 
4/;"/.  Honoe  the  tliiiiner  the  luliex  »tv.  anil  if  llie  pretwitre  ia  fixeil.  the  HuatlK 
Ihey  are.  the  more  aurfare  ihey  have  an  coiupareil  with  their  alonge  ai|aKtly 
(or  energy ;  for  wnnewhat  similar  rewont  we  nee<l  tuiult  thin  tnliiM  in  muimot 
oondcnnTB.  In  caaes  where  energy  is  wUireil  in  hoi  WHler  and  atniuii  (wa  Art. 
123)  the  rale  of  loas  of  ejiergy  ia  proportional  to  tlic  aiirfacc.  and  iw  we  teqnin 
thick  Imilen  of  large  lijoineter.  The  lieat  ■iliaiM'.  if  otherwiiw  Mirivenient,  U 
obiHoaiily  the  apherical  iiliape.  Quoatinna  of  ooet,  conronioncc,  aud  dMi||«r, 
uiodify  these  general  resulla  in  their  applioatious. 

1 10.  Fig.  186  sIhjws  somi>  fbnnt  of  rlvetl  bofot*  and  afWr  the 
making  of  thi?  hL-ods.     Figs.  155-7  show  some  Joints. 


tfjfll 


I 


iwrtiip 
theAJlH 


Fig.  187  shows  the  various  ways  in  which  we  may  inmgiiiomsl 
of  plate  or  the  rivet  which  corre«pondn  to  it  to  break  (1)  thei^ 
breaking  in  aingti-  »hw»r,  (6)  in  doiihle  »h« 

Thediamftcrof  anvcl  hole  isscttk-d.l'or  plflti>s  thatare  pm 
by  a  variety  of  consideration m,  which  lead  to  the  rale  ((  being  t 
bhickneMH  of  the  plate)  d=Vi>Jt.     The  pilch  or  §pacing  of  tbe  rivets 
is  xettleid  by  the  corwidcnition  that,  we  may  itiiagine  toch  ritrt 
correspond  to  n  ntrip  of  plate  of  width  u<  and  ihicknese  /. 
riveta  are  in  double  shear  w  will  evidently  be  jiist  twice  what  il 
single  »heAr. 


In  single  shear,  the  whwiring  n'sintjinw  of  the  rivot  in  ^''V^ 
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Uie  tearing  redstance  of  the  strip  of  width  v>  is  w^  if/ and/'  are  the 
reqstances  of  the   material  to '  tension  and  shearing.     If  these  are 

v^jual.we  find  ic  =  ^  ^f^l^f-  Dniw  round  each  rivet  a  circle  of  diameter 

(f  +  tp  and  let  linea  come  dividing  the  plate  up  into  strips  of  the 
brvadth  vo,  so  that  we  allot  a  strip  of  plate  to  each  rivet.  There  is 
OMte  interest  in  scheming  out  the  proportions  of  riveted  joints  in 
this  way  than  in  working  common  puzzles. 

lia.  Tlw  rtrength  of  the  Joint  ought  evidently  to  be  the 

—  of  the  unhurt  plate,  if  p  is  the  pitch  of  a  row  of  rivets ; 


wcaUingp— (<  by  the  letter  ..4 ;    -j-      .  expresses  the  relative  strength. 
Stndents  know  that  when  we  have  only  guiding  notions  like  the 


*i)ore  we  must  resort  to  experiment,  and  actual  nieasnrcuieut  shovrs 
that  instead  of  A  in  the  numerator  of  the  above  fraction  we  ought  to 
t»ke  kj.  where  k  is  some  number.  By  means  of  the  above  kind  »f 
'fcwry  and  the  results  of  numerous  fx[)eriments  made  up  to  the 
prewat  time  by  experienced  men,  th<^  author  has  been  led  to  the 
Wlowing  easy  nile  for  the  strength  of  well-riveted  joints.  Hydraulic 
riveting  is  almost  always  better  than  that  done  by  hand.  Indeed, 
Seel  riveting  is  hanlly  ever  done  by  hand  because  of  the  greater 
probability  of  overheating  rivets. 

If  (  is  the  thickness  of  the  plate,  the  diameter  of  each  rivet- 
haie  is  d^ViiJi,  the  pitch   p  =•  A  ■{■  d,  and   the  strength  of  the 


200 
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kA 


A  +  d 
the  following  table : — 


X  strength  of  the  unhurt  plate,  where  k  is  given  in 


Iron  pUtea. 


Single  riveted,  driUed  holes 

„  ,,      punched 

Double       ,,      drilled 

Sunched    i, 
rilled 


Treble 


»» 


f  f 


Steel  plates. 


*88 
•77 
•85 
•85 


1-0 

lt» 

1-0 

1-06 


and  A  is  given  in  the  following  table : — 


Lap  joint  or  butt]  Single  riveted 
joint  with  one  -Douole      ,, 
covering    plate   Treble       „ 

Iron  pUtee  and  iron 
riTets. 

steel  plates  and  steel 
riTets. 

DriUed 
holoa. 

Punched 
holett. 

DriUed 
holes. 

Punched 
holes. 

1-20 
2-22 
3-23 

1-47 
2-66 

0-9 
1-7 
2^5 

1-08 
1-93 

All  these  values  of  A  are  to  be  doubled  for  butt  joints  with  two 
covering  plates.  The  distance  of  a  hole  from  the  edge  of  the  plate 
must  not  be  less  than  ef,  and  when  only  half-inch  rivets  are  used 
there  is  an  additional  quarter  of  an  inch. 

The  friction  between  the  plates  caused  by  the  contraction  of 
rivets  in  cooling  gives  additional  strength,  which  is  usually  neglected 
because  it  is  of  unknown  amount.  Oaulkiiig  (inside  and  outside  all 
joints)  is  performed  by  a  blunt-edged  tool  which  indents  the  metal 
of  the  edge  of  one  plate  into  the  other ;  a  fullering  tool  produces  a 
more  uniform  tight  contact  of  the  overlapping  parts.  Caulking, 
especially  if  done  with  too  sharp  a  tool,  may  hurt  the  plate ;  in  any 
case  it  alters  the  surface,  and  this  may  induce  "  grooving." 

A  punched  hole  is  to  be  called  a  drilled  hole  if  the  plate  has 
been  annealed  or  if  the  hole  has  been  rhymered  out  after  punching. 
All  drilled  holes  must  be  slightly  counter-sunk  on  the  outer  side  and 
all  burrs  removed.  The  old  careless,  senseless  boiler-ehop  metliode 
led  to  non-agreement  of  holes  when  they  came  together,  and  only 
about  5  per  cent,  of  the  holes  being  really  true  to  one  another,  a 
violent  drifting  process  was  resorted  to.  Modem  methods  are  care- 
fully scientific,  so  that  even  much  rhymering  is  not  needed.  We  now 
use  drilling  machines,  hydraulic  riveters,  edge  planing  machines^  S§c^ 
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ind  all  good  work  is  done  to  templates.  Angle  irous  are  greatly 
dispensed  with,  the  edges  of  plates  being  flanged.  Great  care  is 
taken  as  to  details,  such  as  whether  rivets  in  certain  places  ought  or 
ought  not  to  have  countersunk  heads.  Flanging,  dishing,  and  rolling 
processes  are  done  quickly  by  large  tools  at  one  heating  of  the  plates 
instead  of  being  done  by  hand  in  many  heats,  and  this  adds  greatly 
to  the  strength  of  boilers,  and  what  is  as  important,  our  knowledge 
of  that  strength. 

117.  The  working  value  of/  for  copper  in  Art.  113  ought  not 
to  be  taken  greater  than  2,400  lbs.  per  square  inch  for  steam  pipes. 
Copper  is  used  for  steam  pipes  because  it  is  easily  worked  cold,  but 
indeed  steel  is  now  being  generally  used  instead  of  copper. 

Copper  for  fire  box  plates  (generally  §  inch  thick)  or  short  stays 
or  rivets  has  a  tensile  strength  of  about  16  tons  per  square  inch,  and 
ekttgates  about  25  per  cent,  before  fracture.  Small  holes  are  drilled 
into  such  stays  from  the  ends,  so  that  fracture  may  be  detected  by 
leakage.  Alloys  of  copper  change  so  greatly  in  their  strength 
qualities  as  to  be  unreliable  at  350°  F.  or  400"*  F.,  whereas  puro 
cof^r  can  be  relied  upon  up  to  800""  F.,  as,  indeed,  iron  and  mild 
steel  may  be,  although  they  are  all  rather  weaker  than  at  ordinary 
temperatures.  The  malleability  of  copper  and  its  endumnce  of 
Airnaoe  heat  without  surface  deterioration  cause  many  engineers  to 
piefer  it  in  furnaces  and  tubes  to  iron  or  steel. 

In  cmst-iron  pipes  and  in  steam  engine  cylinders,  it  has  to  be 
remembered  that  the  difficulty  in  getting  castings  which  are  of  the 
•roe  thickness  everywhere,  and  the  allowance  that  must  be  made  for 
tendency  to  cross-breaking  when  the  pipes  are  handled,  as  well  jus  the 
RTMt  allowance  in  cylinders  for  stiffness  and  the  difficulty  of  casting 
and  boring  out,  cause  such  calculations  as  might  be  suggested  by  the 
f<HTnula  (3)  of  Art.  113,  to  be  somewhat  useless.  Thus  it  will  usually 
l»e  found  that,  whereas  a  large  cast-iron  water  pij^  is  not  much 
ihicker  than  the  above  fonnula  would  lead  to  (taking  the  working /as 
not  greater  than  3,000  for  cast  iron),  because  it  is  usually  carefully 
QKHikled  in  loam,  yet  a  thin  cast-iron  pipe  hiis  often  an  average 
thickness  twice  as  great  as  the  formula  would  lead  to.  and  we  never 
Utempt  to  cast  a  nine-foot  l(»ngth  of  pipe  of  less  than  §th  inch  thick. 

118.  The  law  of  strength  of  a  strut  is  exactly  the  s<ime  as  that 
«>f  a  tie  bar  if  artificial  means  are  providcnj  for  preventing  bending 
For  the  same  reason  the  liw  (3),  Art.  113,  gives  the  strength  of 
a  Am  to  resist  collapse,  the  working  compressive  stress  which  the 
Olaterial   will  stand  being  /  lb.   per  square   inch,  the   diameter  d 
inches,  and  the  thickness  t  inches;   but  this  is  on  condition  that 


202  THE  STEAM  ENGINE  chap. 

all  tendency  to  buckling  is  artificially  prevented  by  using  rings  like 
those  shown  in  Figs.  158-161. 

The  flues  of  Fig.  151  are  built  up  of  rings  (each  ring  being  a  plale 
bent  and  welded  upon  itself)  flanged  at  the  ends  as  shown.  The 
flanged  joints  give  suflicient  stiflhess  for  resisting  buckling,  and  the 
Galloway  tubes  help  in  this.  Figs.  162, 197,  205  show  corrugmted 
flues,  the  corrugations  producing  the  same  effect  in  resisting  bade- 
ling.  The  thickness  of  any  of  these  flues  is  to  be  taken  as  the  total 
section  in  an  axial  length  /,  divided  by  /.  We  have  as  yet  no 
knowledge  of  the  behaviour  of  thin  tub^  under  external 
There  is  a  theory,  but  it  can  be  of  but  little  use  to  the  engineer  until 
it  has  been  tested  by  experiment ;  it  leads  to  the  result  that  if  a  tabe 
of  diameter  d  and  thickness  t  is  prevented  from  collapse  by  rings,  the 
distance  between  the  rings  divided  by  ^^^  must  not  exceed  a  certain 
limit.  Assuming  the  theory  to  be  correct,  we  do  not  know  yet  what 
the  limit  is.  In  strengthening  the  flues  of  Lancashire  boilers,  the 
distance  between  the  rings  is  usually  lO^/cU,  The  working  value  of 
/  for  flues  is  in  practice  taken  as  only  2  tons  per  square  inch,  first 
because  of  doubtfulness  as  to  possible  buckling,  second  because  of 
oxidation  and  other  deterioration  due  to  the  flame,  third  because  sted 
and  iron  at  {)W  F.  cannot  be  depended  on  for  a  greater  strength  or 
ductility  than  half  their  strength  when  cold,and  above  this  temperature 
then*  is  a  further  gR>at  lowering  in  strength  and  increase  of  Inrittlenesa 
Steel  used  Ibr  boilers  has  about  28  tons  per  square  inch  tensile 
strength  with  an  elongation  of  25  per  cent,  in  the  direction  of  rolling, 
till'  breaking  stress  being  6  per  cont.  less  and  the  elongation  20  per 
cent,  less  in  the  cross  direction.  The  following  composition  is  reoom- 
mended.  Carbon  '16  to  "18  jKjr  cent.,  silicon  "01  to  "018  per  oenk, 
sulphur  08  to  '05  jrt  cent.,  phosphonis  '02  to  -04  per  cent,  man- 
ganese -25  to  48  ])er  cent.  The  plates  must  be  clean  looking,  and 
must  lx»  annealed  after  shearing.  The  maker's  name  ought  to  be 
on  evtTV  plate ;  every  plate  while  in  a  boiler  shop  has  a  number  far 
i(lentificati(»n,  and  its  stn*ngth  and  other  qualities  are  known. 
Trst  strips  heated  and  eooled  in  water  at  80**  F.  should  bend  to  a 
cin*le  of  inU'rnal  diamrter  only  three  times  the  thicknesa  Rivet  steel 
ought  to  have  h\ss  than  15  per  cent,  of  carbon  and  "04  per  cent,  of 
phosphonis,  and  ought  to  .show  no  flaw  when  a  straight  strip  is  doubled 
Uick  upon  itself  cold.  The  time  spirit  in  straightening  plates  is 
•jjreatly  Icsst'ntcl  by  tho  use  of  multiple  roller  straightening  machines^ 

119.  Exercises.  Strength  of  Cyllndric  Shells,  and  Fli 
and  Pipes. — The  strength  of  a  thin  tube  is  given  by 

P^2t/!d 
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where  p  is  the  difference  of  pressure  inside  and  outside  in  pounds  per 
?4]iiare  inch,  t  the  thickness  (or  effective  thickness  if  the  tube  i« 
rtjmigat^l  or  has  strengthening  rings),  d  the  average  diameter,/ the 
tt-n>ile  (or  compressive  in  the  case  of  flues),  stress  on  the  material  in 
fmunds  pel  square  inch.  If  p  is  the  working  gauge  pressure,  /  in 
ttriLsion  may  be  taken  as  5  tons  per  square  inch  for  iron,  and  7  for 
mild  stet- 1 :  /  in  compression  is  usually  taken  as  only  2  tons  per 
:«)aare  inch.  The  weakening  of  a  plate  produced  by  a  riveted  joint 
i>  known  from  Art.  116. 

Exercise  1.  A  boiler  7  feet  diameter  is  f  th  inch  thick,  what  safe 
v.^rking  pressure  will  it  stand  if  the  safe  working  tensile  stress  of 
the  material  is  5  tons  per  square  inch  ?  Assume  that  the  longi- 
tudinal seams  have  a  strength  only  60  per  cent,  of  that  of  the  plate 
it!i€>l£  That  is,  take  the  safe  stress  to  be  60  per  cent,  of  5  x  2,240 
ur  6J20  lbs.  per  square  inch,  so  that 

safe  gauge  pressure  =  6,720  x  f -f42  =  100  lbs.  per  square  inch. 

2.  What  must  be  the  thickness  of  the  flue  of  this  boiler  if  its 
4iaii]eter  is  2'  9",  and  if  the  welded  joint  in  it  is  assumed  to  stand 
a  working  crushing  stress  of  2  tons  j>er  square  inch.  Ansicer.  f  of 
aa  inch. 

3.  The  marine  boiler  shell,  Fig.  206,  is  16  feet  dianu'ter,  and 
vithstands  a  gauge  pressure  of  1 50  lbs.  per  square  inch  ;  if  the  thick- 
He*!  is  1^  inch,  what  iaf?     Aiiswcr.  9,600. 

4.  The  corrugated  flue  of  Fig.  206  is  4  feet  average  diameter,  the 
I'-ngth  of  metal  is  1*3  times  the  axial  length,  the  metal  is  ^  inch 
ilin;k.  I  lie  working  gauge  pressure  is  150,  what  is//    Answer.  7,400. 

5.  Tin*  steam  vessel  of  a  water  tube  boiler  is  30  inches  in 
diameter,  thickness  f  inch,  pressure  200  lbs.  per  scjuare  inch,  find  /. 
AnAMc.  H,000. 

C.  Eiich  of  the  tubes  of  a  boiler  is  1*5  inches  in  dianHter.  and 
<»i5  inch  thick;  if/ is  8,000  find  p.  Ansurr,  2.600  lbs.  per  s(iuare 
inch. 

ExEKrisE  2.  A  boiler  like  Fig.  151  intended  for  100  lbs.  per 
>*i«an-  inch  (gauge)  is  usually  of  steel  A"  to  j'*/  thick  in  its  7  foot 
^riMll.  ih»' .straight  seams  being  double  riveted  butt  j«»ints  with  two 
'•"Vi^ring  plates,  its  33"  Hues  being  jj'  to  }/  thick.  Neglecting  the 
••>fTni  virtual  thickness  due  to  the  jt)ints  in  the  Hues,  what  are  the 
'/r-atest  stresses  in  the  niet.-il  taking  the  snuiller  thicknesses  * 

Am^rcr.  f  =^—  for  l)oth  shell  and  flue, 

r  =  ^i?^'_^_^  or  8.400  lbs.  per  squan*  inch  in  the  shell ;  but  as  the 
2  X  .1 
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joint  ia  085  of  tlio  strength  of  the  unhurt  plate  («*ec  Art.  M6jt 
take  the  greatest  stress  in  the  plato  at  the  joint  hs  8,4 
or  about  10,000  lb.  per  square  inch. 

100^X3» 
2  xl 

the  flue.    Such  a  l>oiIi?r  is  usually  only  tested  hydmtilicaHy  t 
per  squfire  inch, 

1  SO.  The  flat  parta  of  bollen  nend  ntaying.     Figa.  I 
163,  ltj-1  .show  the  gusset  plates  and  end  Ut  end  stays  in 


/  =  ^- or  4,400  lbs,  per  stitiare  inch  compressive  | 


use.  Fig.  18S  ia  a  diagonal  stay  which  may  take  the  pbice  of  ri  _ 
lu  Hat  parts  near  together,  stud  stays  rivete<]  or  with  nuU<  of 
shapes  shown  in  Fig.  189.  are  used.  Thus  in  Fig.  202  clapper  U  a 
in  the  3-inch  water  space  bctwt't>n  a  loeomotive  tire-box  , 


shuU,  the  stays,  4  inches  apart,  are  screwed  into  iho  pUt«ti,  tlMl4l 
allowed  to  project  3  inch  and  then  rivctt^d  ov<.-r,  Th(>  end  of  a  li 
Ktay  bar  may  faavo  a  pin  joint,  as  in  Fig.  189.  In  multita 
boilers,  stay-borH,  an  iu  Fig.  1.51,  may  be  UHod  in  the  s 
many  of  the  tubes  arc  screwed   into  the  sheli  tube  ] 
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^  otdiuary  tubes  an?  merely  expanded  at  their  ends 

L'  plaU-a  as  In  Fig.  192.     Fig.  193  shows  the  Adniiraltv 

ten  used  t<>   protet^t  the  joint    from 

■  finmi-.     In  Fig.  190.  the  fastening 

ubt-  19  more  elaborate,  there  being 

ml  infrtiul  nuts. 

shonx  ovtv  way  in  which  numerous 
r  girtiers  support  the  flat  top  of 
of  a  loromotive,  or  of  the  L-om- 
Jitber  of  ti  marine  boiler.  Tliey 
;  at  their  middles  to  the  shell. 
grenter  freedom  for  expansion  of 
.-  &n  Ixtx  before  the  shell  gets  heated.  It  is  getting 
t  US*  ■ooth^.T  method,  supporting  the  flat  plate  from  sleel 


1.  IM.— aT*v-T™«. 


SS  tad 


fit 


t  the  oator  shell  by  means  of 
ter  circulation  of  the  wnli-r. 


stay-bare.    This 


J  ul  tlir  otrcngtb  o(  a  Aat  pULe  Iiim  n"!  yvl  Iwfti  pul  iii  n  iimplo 
U  bi  (nooil  In  Tboin«in  ud  IVil'it  SaturaJ  rkilotoj.hy.  TTw  raulU 
J  tfTM  wilb  >uch  umtnl  nptrlRwnU  u  lwv«  bMn  maJe. 
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(1)  For  a  oiroular  plate  of  thickness  t  and  radios  r,  tupporied  all  roimd 
edge  with  a  normal  load  of  p  lb.  per  square  inch,  if  /  is  the  greatest  stress 
the  material — 

(2)  If  the  circular  plate  is  fixed  all  round  its  edge 

/  =  2r>/3<«. 

(3)  A  square  plate  of  side  «  fixed  at  the  edges 

/  =  «»p/4/*. 

(4)  A  rectangular  plate  of  length  /  and  breadth  6  fixed  round  the  edges 

/  =  l*lj^/2t*(l*  +  &♦). 

(5)  A  round  plate  supported  at  the  edge,  with  a  load  W  applied  at  a  oiroa 

ference  of  radius  Tq 

(6)  For  stays  in  square  formation,  distance  asunder  «,  each  stay  Hm  a  k 
ps\  and  the  greatest  stress  in  the  plate  of  thickness  t  is 

Lloyd's  and  other  associations  have  formulated  elaborate  practical  mki 
the  strength  of  curved  and  flat  parts  of  boilers  and  stays,  based  on  the  formi 
I  have  given.  Arts.  113-120.     These  will  be  found  in  the  manuals  writtaal 
boiler-makers. 

121.  Orooving  and  Corroiion. — Even  zinc,  if  pure,  in  dilu 
sulphuric  acid  is  not  acted  upon  chemically.  But  if  a  piece  of  ai 
other  metal,  such  as  copper,  is  also  in  the  liquid  and  the  meti 
touch  anywhere,  the  zinc  is  acted  upon  rapidly.  Two  kinds  of  mel 
are  needed  as  well  as  an  electrolytic  liquid,  and  the  metals  mv 
touch,  else  corrosion  will  not  take  place.  The  better  conductor  tl 
liquid  is,  and  the  more  different  in  certain  qualities  the  metals  ai 
the  more  rapid  is  the  action.  One  of  the  metals  is  almost  entire 
protected,  the  other  being  acted  upon.  Now  in  ordinary  zinc  the 
are  impurities  and  physical  differences,  and  consequently  we  ha 
rapid  corrosion  when  it  is  in  an  electrol}i;ic  liquid  such  as  dilu 
sulphuric  acid.  When  iron  touches  water,  although  the  wat 
may  be  very  free  from  salts  and  therefore  rather  non-conducti] 
electrically,  yet  in  time  we  find  corrosion,  and  especially  near  tl 
water  level. 

Where  the  metjxl  is  sometimes  wet,  sometimes  dry,  very  smi 
surface  differences  in  the  metal  are  sufficient  to  allow  of  the  form 
tion  of  (loop  grooves  duo  to  corrosion.  Probably  the  fretting  of  tl 
surface  of  the  metal,  due  to  the  plates  being  bent  and  unbent  near  tl 
more  rigid  angle  iron,  in  the  breathing  of  the  boiler,  causes  suflSciei 
difference  of  surface  to  start  the  action.  It  is  usual  to  make  tl 
inside  surface  of  a  boiler  more  uniform  by  sponging  it  all  over  wil 
a  weak  solution  of  salammoniac.     Hanging  lumps  of  zinc  inside 
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>iler,  either  lying  against  the  plates  or  attached  metallically,  very 
laterially  prevents  corrosion  of  the  iron,  the  zinc  being  eaten 
iray.  From  200  to  600  lbs.  of  zinc  are  sonietiuies  consumed  per 
Qnum  in  the  boilers  of  a  large  vessel.  Air  free  water  produces 
luch  lesB  corrosion.  Vegetable  and  animal  oils  decompose  in  boilers 
nd  produce  corrosion  because  of  acidity. 

It  is  because  of  this  electro-chemical  action  that  any  trace  of 
lucidity  in  lubricating  oil  does  so  much  harm  between  brasses 
ind  journals.  If  water  finds  its  way  to  the  place  where  a  gun- 
metal  liner  touches  the  steel  of  a  propeller  shaft,  it  causes  rapid 
Domsion. 

Making  every  part  of  a  boiler  more  elastic  greatly  prevents  such 
fretting  of  the  metal  anywhere  as  may  lead  to  grooving  and  pitting. 
lUs  is  another  reason  why  the  spaces  between  flues,  and  flues  and 
itbeil,  ought  to  be  as  much  as  possible ;  it  is  for  this  reason  that  some 
Bttkers  prefer  five  to  four  gusset  stays. 

ISIS.  Straining  cf  a  Boiler, — Parts  of  a  boiler  are  continually 
ihering  in  temperature  in  different  ways.  Thus,  in  a  Lancashire 
boiler,  after  the  fire  is  lighted  a  flue  "  hogs,'*  rising  in  the  middle, 
uriither  nearer  the  furnace,  as  much  as  §"  or  i",  although  it  bulges 
oat  the  flat  ends,  perhaps  J".  It  is  well  to  leave  a  flue  free  to  hog 
ttd  not  to  try  to  restrain  it  with  stays. 

ElzERClSE.  A  Lancashire  boiler  is  35  feet  long,  the  flue  has  an 
average  temperature  of  500°  F.  when  the  shell  is  only  at  100°  F. ; 
what  would  be  the  relative  change  in  length  if  it  were  not 
pRTented  ? 

Antwer.  By  Art.  171  a  difference  of  400  degiees  produces  a  frao- 
tmal  change  of  length  400 x  000009  or  0003C)  in  iron,  so  that  in 
95  feet  there  is  a  difference  of  35  x  12  x  0036  or  1*5  inches. 

Exercise.  To  shorten  an  iron  tube  35  fet^t  long,  by  the  amount 
ofl  inch,  what  must  be  the  compressive  stress  { 

Answer.  The  compressive  strain  is  1  ~(35x  12),  and  as  Young's 
modulos  of  elasticity  for  iron  is  about  3  x  10*\  tht*  compressive  stress 
beings  X  10*  multiplied  by  the  strain,  the  answer  is  3  x  10*^-h(35  x  12) 
or  7,140  lbs.  per  square  inch. 

Exercise.  If  the  flue  is  33  inches  in  diameter,  \  inch  thick  ;  if  the 
hett  tends  to  make  it  lA  inches  longer,  an<l  although  it  bulges  out 
4e  ends  of  the  boiler  and  hogs,  it  only  gets  ^  inch  longer,  what  is 
Uk  total  pushing  force  in  the  flue  ? 

Amwtr.  By  last  example  the  stress  is  7,140  lbs.  yycr  s<iuare  inch ; 
^  section  of  metal  is  337rx  h  or  51*80  s<iuare  inches,  so  that  the 
toUl  push  is  370.280  lbs.  or  165  tons. 
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laa.  Boiler  AeeumvlAtor.  Exercise  1.  A  vessel  contaisB  W|  lb.  of  water 
at  406''  F.  under  a  pressure  of  265  lbs.  per  square  inch.  How  maoh  steam  must 
be  taken  away  (dry  at  347''  F.  through  a  reducing  valve)  for  the  temperators 
to  become  347*  F.,  the  pressure  being  130  lbs.  per  square  inch  ? 

Arufteer,  If  u;}  lb.  of  water  at  406"*  F.  has  as  much  energy  as  ao,  lb.  of  water, 

and  X  lb.  of  steam  at  347"  F.  (tr,  +  a;  being  equal  to  tTi),  measuring  heat  from 
347' F. 

tri(406  -  347)  =  a;  X  869, 

60 

as  869  is  the  latent  heat  of  steam  at  347*  F.    Hence  x  s  ^^^  u^,  or  14{  lbs. of  water 

falling  from  406*  F.  to  347*  F.  will  yield  one  pound  of  steam. 

ExEKCisE  2.  If  20  lbs.  of  steam  per  hour  at  130  lbs.  per  square  inch  will 
develop  1  horse-power,  what  is  the  storage  capacity  of  a  vessel,  30  feet  long,  16 
feet  diameter,  containing  water  at  265  lbs.  per  square  inch,  allowed  to  fall  to 
130  lbs.  per  wiuare  inch  ? 

Annu^r,  By  the  table,  Art.  1 80,  we  see  that  1  cubic  foot  of  such  water  weighs 

54  lbs.,  so  that  we  have ^  15^  x  30  x  54,  or  286,270 lbs.  of  water  stored.  Divid- 

4 

ing  by  14 j  we  find  that  the  supply  of  steam  may  be  19,470  lbs.,  dividing  by  20 
we  get  a  supply  cf  973  horse-power-hours. 

Exercise  3.  An  electric  light  station  has  many  small  steam  engines,  each 
coupled  to  a  dynamo  machine  ;  some  of  these  are  stopped  or  started,  as  the  load 
varies.  They  all  take  steam  at  130  lbs.  per  square  inch  through  reducing  tsItss 
from  a  reservoir,  and  give  out  1  electrical  horse-power  for  26  lbs.  of  steam.  The 
resen'oir  contains  water  never  higher  than  406*  F.,  never  lower  than  347*  F., 
and  this  water  is  kept  constantly  circulating  by  means  of  a  centrifugal  pmnp 
Ijetween  the  reservoir  and  a  numl)cr  of  boilers,  using  steadily  half  a  ton  of  ooal 
per  hour.  Three -fourths  of  the  total  heat  of  the  coal  is  given  to  the  water, 
which  enters  at  62^  F. ,  the  coal  being  such  that  itii  total  heat  per  pound  is  15,000 
heat  units. 

In  24  hours  the  water  receives — 

24  X  i  X  2240  X  15,«)()0  x  J  or  3  x  10»  heat  units. 

A  }>ound  of  Hteani  at  .347*  F.,  the  feed  being  at  02*  F.,  needs  1,157  units,  and 
hence  if  the  engincH  had  a  perfectly  constant  load,  they  would  give  out  3  x  10* 
-T-  (1,159  X  2r))  horsc-power-hours  in  the  24  hours,  or  435  horse-power. 

K\  KKcisK  4.  Now  suppose  that  there  is  such  a  load  factor  that  there  is  a  maxi- 
mum supply  at  the  rate  of  1,740  electrical  hor8e-ix)wer,  and  in  fact  that  for  eight 
suceeMHi ve  hours  the  power  given  out  is  greater  than  435,  the  average  of  the  exoeai 
power  Wing  510,  so  that  in  fact  there  must  be  a  store  of  510  x  8,  or  4,060  horse* 
power-hours.  In  this  rough  calculation  we  may  neglect  the  fact  that  the  steam 
if  taken  away  at  a  higher  pressure  through  a  reducing  valve,  is  probably  snper- 
heate<l  instead  of  being  just  dry  as  assumed  above,  and  we  may  assume  that  for 
every  14^  lbs.  of  water  stored  we  can  produce  1  lb.  of  steam,  or  for  every  25  x  14f 
or  CWTi  l^***-  ^^  water  stored  we  can  produce  1  electrical  horse-powei^lKmr.  We 
therefore  need  to  store  4,080  x  367 1,  or  1  '50  x  10*  lb.  of  water  at  406*  F.  At  this 
teni}>erature  a  cubic  foot  of  water  weighs  54  ll>s.,  and  therefore  we  need  a 
reservoir  of  27,2<K)  cubic  feet,  neglecting  the  volume  of  the  heated  tubes.  This 
reservoir  if  (. ylindric  might  consist  of  four  cylinders,  40  feet  high  and  15  feet  in 
diameter.  The  cost  of  such  a  reservoir  with  the  necessary  brickwork,  ftc,  would 
prolmbly  be  £2,44J(K  Assuming  interest,  maintenance,  depreciation,  rent,  &c., 
as  10  |)er  cent,  on  the  cost,  we  find  £240  yter  year. 


CHAPTER  XIII. 

HEATING  ARRANGEMENTS  OF  BOILERS. 

134.  The  fireplace,  6  feet  long,  Fig.  151,  consists  of  a  front 
dead  j^te  and  sets  of  fire  bars  resting  on  wrought  iron  or  steel 
bearers,  and  the  support  of  the  fire-brick  bridge  B  riveted  across 
the  flue.     Notice  the  spaces  between  the  bars,  Fig.  154,  to  allow  of 
air  altering  from  the  ashpit.     The   door  is  double  or  sometimes 
treble  with  air  between,  so  that  the  outer  part  may  remain  cool. 
Tbm  derer  itoker  knows  that  it  is  by  regulating  the  air  coming 
through  the  ventilators  in  the  door,  as  well  as  by  the  ashpit,  that 
he  may  obtain  perfect  combustion  and  no  smoke,  even  with  the  most 
bitominons  coala     The  careless  stoker  can  only  obtain  good  com- 
bustion with  Welsh  coals.     With  good  stoking  the  same  results  are 
obtained  with  Newcastle  or  Cheshire  coals  as  with  Welsh.     Here  is 
the  best  method  with  non- Welsh  coals.  Suppose  fresh  coal  is  needed, 
the  red-hot  stuff  is  pushed  forward  till  it  is  thicker  near  the  bridge ; 
the  fresh  coal  is  put  on  near  the  dead  j)late  and  the  door  closed,  air 
wming  in.     The  coal  begins  to  coke  (this  is  called  the  coking  system^ 
suid  is  better  than  the  spreading  system  of  feeding  a  furnace,  except 
for  verj'  small  coal);  it  gives  off  its  gaseous  hydrocarbons,  which». 
|tt!ftsingover  the  white-hot  part  and  also  by  meeting  the  hot  air  which 
has  come  from  the  ashpit  through  the  grate,  and  also  by  its  own 
combustion,  reaches  a  high  temperature.     Now  for  perfect  com- 
bustion of  the  gases  we  have  merely  to  recollect  that 

1.  There  must  be  at  least  a  sufiioient  ijuantity  of  air. 

2.  The  air  and  gases  must  be  well  niixe<l. 

3.  The  mixture  must  be  at  a  high  teuiiK^rature. 

If  any  of  these  conditions  is  not  fulfil le<l  there  is  an  escape 
''fuobumt  gases.  If  these  unburnt  gases  are  hydrocarbons  and  if 
^hey  are  suddenly  cooled,  they  become  decoinix)se<l  and  form  smoke 
^f  soot.  Impinging  on  a  cold  solid  surfaots  some  of  these  hydro- 
c*rbons  deposit  a  very  hard  kind  of  soot  difficult  to  remove. 
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In  the  Lancashire  boiler  we  depend  upon  the  mixing  that  goes  on 
above  and  behind  the  fire  bridge  as  well  as  above  the  fire,  and  this 
is  why  we  call  the  space  behind  the  bridge  a  combustion  chamber.  It 
is  fatal  to  good  economy  to  attempt  to  cool  the  gases  much  until  they 
are  well  mixed,  and  in  Fig.  151  the  first  Galloway  tube  is  perhaps  too 
close  to  the  bridge.  And  yet  although  it  cools  the  gases,  it  also  helps 
to  mix  them.     More  space  is  needed  for  more  bituminoufl  coal. 

We  do  not  like  to  rely  altogether  upon  the  air  coming  up  through 
the  grate,  and  it  is  necessary  to  think  a  little  about  what  happens  to 
such  air.  Suppose  air  to  come  up  through  a  thick  mass  of  white 
hot  coke ;  first  its  oxygen  combines  with  carbon  to  form  carbonic 
acid  CO2;  later  this  carbonic  acid  dissociates  into  carbonic  oxide 
CO  and  oxygen ;  this  oxygen  again  takes  up  carbon  to  form  more 
carbonic  acid.  If  the  fuel  is  thick  enough  no  doubt  there  are  more 
changes — but  the  result  is  this,  that  escaping  from  the  top  of  the 
coke,  we  have  carbonic  oxide  and  carbonic  acid  and  the  nitrogen  of 
the  air.  Students  must  have  seen  such  CO  burning  with  a  blue 
flame  over  a  thick  coke  fire.  That  such  carbonic  oxide  may  not  go 
off  unconsumed,  air  must  be  admitted  by  the  door.  Now  in  the 
Lancashire  boiler  we  do  not  like  thin  fires,  but  even  when  thickest 
much  of  the  oxygen  which  comes  through  the  grate  will  probably 
not  form  either  CO  or  COj,  and  air  through  the  fire  door  is  not  so 
necessar)'  (although  we  always  take  care  to  open  the  ventilator  of 
the  door  about  a  minute  after  a  fresh  firing)  as  it  is  in  the  locomo- 
tive and  other  boilers  using  thick  fires.  In  these  there  is  probably 
little  free  oxygen  after  passage  through  the  fire ;  hence  both  for  the 
sake  of  the  CO  and  also  of  the  hydrocarbons,  air  must  be  admitted 
through  the  door.  The  space  above  the  grate  in  a  locomotive  is  the 
only  combustion  chamber,  and  it  ought  to  be  large.  In  some  cases 
of  Lancashire  and  marine  boilers,  advantage  is  found  in  admitting 
air  through  passages  behind  the  fire  bridge. 

In  chimney  draught,  or  when  jets  of  steam  produce  draught  in 
the  uptake  of  locomotives  or  manne  boilers,  the  entering  air  can  only 
be  heated  by  the  inner  part  of  the  hot  fire  door  or  the  hot  ashpit, 
but  when  the  forced  draught  consists  in  blowing  air  in  through 
orifices  above  the  grate  and  also  into  the  ashpit,  fire  door  and  ash- 
pit door  being  well  closed,  it  is  possible  to  heat  this  air  by  the 
gases  in  the  u{)take  as  it  comes  through  pipes.  In  this  case  very 
perfect  combustion  is  obtainable.  Note  that  in  no  case  can  a  stoker, 
however  careful,  obtain  good  combustion  unless  he  can  command 
just  at  much  draught  at  ii  necoMary.  With  chimney  draught 
he  performs  his  regulation  by  lifting  or  lowering  the  damper,  which 
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is  hung  from  a  chain  passing  over  pulleys  to  the  balance  weight, 
which  is  within  easy  reach  of  the  stoker.  The  density  of  the  furnace 
gases  is  an  indication  of  the  amount  of  carbonic  acid  present,  and 
thL<  is  an  indication  of  the  amount  of  air  supplied  per  pound  of  fuel. 
The  Dasymeter  makes  an  automatic  record  of  this  and  ought  to  be 
n^  as  commonly  as  a  pressure  gauge.  It  acts  by  the  apparent 
change  of  weight  of  a  hollow  globe  in  a  box  through  which  a  small 
supply  of  filtered  furnace  gases  passes. 

The  opening  of  the  fire  door  admits  too  much  cold  air  (usually 
checked  by  the  damper  beforehand),  and  yet  it  is  certain  that 
frequent  small  supplies  of  coal  are  &l'  better  than  infrequent  largo 
^appliea  Indeed,  the  feeding  of  the  fire  ought  to  be  continuous, 
and  the  conditions  of  draught,  &c.,  ought  to  keep  constant.  Hence 
for  the  most  perfect  combustion  we  depend  upon  mechanical  stoking, 
▼hich  keeps  admitting  firesh  fuel  all  the  time,  the  coal  as  it  gets 
coked  and  more  and  more  burnt,  finding  its  way  towards  the  bridge, 
where  the  ash  and  clinker  drop.  Indeed,  in  small  boilers  of  great 
power  it  is  almost  absolutely  necessary  that  all  the  operations,  feeding 
with  water  and  fuel,  and  regulating  draught,  &c.,  should  be  auto- 
matically and  continuously  performed. 

135,  The  combustion  chamber  is  filled  with  white  hot  flame, 
and  as  the  gases  travel  towards  A  they  give  up  most  of  their  heat 
to  the  boiler.  Usually  about  half  the  total  heat  given  to  the 
biMler  is  given  up  by  radiatioii  from  the  fire  and  the  hot 
jfas«5  in  the  furnace  and  combustion  chamber  of  a  L»ancashire 
br»iler.  The  rest  of  the  heating  surface  seems  to  take  up  heat 
by  mere  contact  with  the  hot  gases,  and  hence  it  is  that  the 
iialLiway  tubes  prove  to  be  useful,  brcauso  the  gases  strike  upon 
them  and  the  eddying  and  mixing  motion  causos  a  continual  renewal 
«>f  hot  gases  near  the  metal,  and  the  wattT  circulates  easily  through 
the  tubes.  The  seatings  of  six  boilers  are  shown  in  Fig.  107.  A 
fire-brick  wall  makes  the  stuff' pass  down  and  underneath  the  bottom 
nearly  to  the  front  of  each  boiler;  there  it  divides  into  two  streams, 
passing  up  and  along  the  sides  of  the  boilor  by  passages,  which  unite 
*gain  in  the  passage  going  to  the  chimney.  An  iron  door  or  damper 
ptHses  usually  down  through  a  slit,  supported  by  a  chain  going  over 
pulleys  to  the  front  of  the  boiler,  where  there  is  a  counterweight. 
The  boiler  rests  on  the  seating  blocks  of  fire-brick,  ma<le  <»f  sjx»cial 
'^hape.  Some  men  let  the  gasi^s  pass  along  the  side  Hues  bt'fore  the 
bottom,  and  it  may  be  more  economical,  but  the  other  is  on  the  whole 
'^tler  because  there  is  leas  uneriual  heating  of  the  boiler.  Whiit 
^  actual  temperatures  are,  everywhere,  I  do  not  know,  for  although 
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I  know  of  many  published  measurements,  I  know  of  none  yet  made 
with  accurate  instruments. 

Exercise.  If  half  the  heat  of  fuel  is  radiated  in  the  funiaoe,  and 
the  other  half  is  carried  off  by  gases.  If  the  gases  are  20  lbs.  per 
pound  of  fuel,  and  the  calorific  power  of  the  fuel  is  14,500  Fah. 
units;  neglecting  the  fact  that  there  is  vapour  present,  and  that 
there  is  almost  certainly  dissociation,  find  the  temperature  of  the 
gases  leaving  the  furnace  if  their  specific  heat  is  0'24l 

Answer.  7,250  -t-  (20  x  24)  or  1,510  Fah.  degrees  above  ordinary 
temperature. 

It  is  said  that  thick  copper  wire  lying  on  the  brightest  fuel  in  any 
boiler  furnace  does  not  melt.  Probably  therefore  the  tempentare 
never  reaches  the  melting  point  of  copper.  Copper  wire  ipill  of 
course  rapidly  disappear,  because  of  oxidation,  &c.  The  temperatme 
near  the  chiumoy  is  often  about  that  of  melting  lead.  There  is  no 
doubt  a  great  advantage  in  letting  the  two  flues  unite  in  one,  just 
behind  the  fire  bridge,  as  in  the  usual  hand  firing,  if  the  fuxnaoes 
are  fired  alternately,  the  mixing  is  most  conducive  to  good  ochu- 
bustion.  The  best  large  stationary  boiler  known  to  me  is  shown  in 
Fig.  196,  and  may  be  called  a  multitubalar  boiler.  Here  when  the 
mixing  of  the  gases  has  occurred  in  C  C,  they  pass  through  a  great 
number  of  tubes,  which  take  away  their  heat  &r  more  rapidly  than  it 
is  taken  in  any  Lancashire  boiler,  than  which  this  occupies  less  space 
for  the  same  power.  Space  must,  however,  be  left  behind  A  for 
the  cleaning  of  the  tubes.  The  best  results  are  obtained  with  two 
furnaces  meeting  in  the  combustion  chamber  CC,  fired  alternately. 

An  economiser  (Figs.  195  or  197)  or  feed-water  heater  consists 
of  a  number  of  vertical  iron  pipes  (sixty  for  a  single  boiler  with 
three-quarters  of  the  heating  surface  of  the  boiler,  say  600  square 
feet),  through  which  the  feod-water  ]>asse8,  their  sooty  outsides  are 
kept  constantly  scraped,  and  they  are  placed  in  the  passage  between 
the  boiler  and  the  chimney.  It  is  found  that  the  use  of  «in 
economiser  luUls  from  10  to  15  per  cent,  to  the  amount  of  steam 
evaporated  by  a  Lancashire  l)oiltT.  Water  may  be  raised  to  240**  F. 
It  causes  great  gain  in  i'conoiny.  and  lessens  the  straining  of  the 
boiltT,  due  to  local  cooling.  It  does  not  benefit  a  multitubular 
lx>iler  so  much,  because  \ho  flues  of  this  boiler  are  already  verj* 
efficient.  In  this,  as  in  nianv  other  ciises,  the  extra  contrivance,, 
such  as  a  ft'cd-watcr  heater,  owes  its  value  to  the  uneconomicaL 
nature  of  the  ci^itrivances  which  it  supplements. 

As  much  as  IV^  ])er  cent,  better  results  are  obtained  over  the* 
ordinary  hand-stoking  by  the  use  of  mechanical  stoken,  but  iti^ 
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■  in  lb«  case  of  steadr  loads  on  engines,  and  therefore  on  boilers, 
k  Ihry  on;  used.     Vicar's  stoker  has  a  hopper,  which  has  to  be 


■1  nth  fofX  and  the  fuel  (kik  into  small  boxea ;  a  ftlowlj  ruUtiog 
'*•*»  ilnvn  p)utig<.-n)  fon-ing  cutd  from  the  boxes  on  to  the  dc«d 
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plate,  and  also  gives  a  reciprocatiDg  motion  to  the  fire  bars,  so  that 
the  coal  is  carried  towards  the  bridge,  where  it  &lls  into  the  ashpit 
Henderson's  form  breaks  up  the  coal  coming  fix)m  the  hopper;  it 
falls  on  fans,  which  spread  it  on  the  bars.  Half  the  bars  rise  and 
fall,  the  others  have  a  reciprocating  horizontal  motion. 

Exercise.  A  Lancashire  boiler  27  feet  long,  7  feet  diameter,  shell 
^th  of  an  inch  thick,  fines  33  inches  diameter,  f  of  an  inch  thick, 
ends  f  of  an  inch  thick,  what  is  its  approximate  weight  ? 

Answer.  Neglecting,  overlapping,  &c. 

Each  end  {84*  -  2(33)*}  X  7854  x  |or  2,393  cubic  inches 
of  metal,  or  4,790  for  both. 

Shell  84vx27xl2x:i^  =  37,400  cubic  inches. 

Flues  2  X  33 V  X  ^  x  27  x  12  or  25,200  cubic  inches, 

o 

Total  67,400  cubic  inches,  and  taking  '28  lbs.  to  the  cubic  inch, 
the  weight  is  18,760  lbs.,  or  8*43  tons.    Now  the  actual  weight  wiU 
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be  about  12  tons,  together  with  3i  tons  of  fittings,  and  this  gives 
a  fairly  correct  notion  of  the  usual  allowance  to  be  made  for  flanges, 
angle  irons,  &c.,  in  rough  calculations. 

If  the  student  will  make  measurements  he  will  find  that  the  total 
heating  surface  on  the  extenial  shell  is  about  370  square  feet ;  flues, 
450  square  feet  +  water  tubes  30  square  feet ;  altogether  say  870 
square  feet;  economizer  say  600  square  feet.  The  grate  is  about 
33  square  feet  in  area,  so  that  there  is  26  square  feet  of  heating 
surface  (with  economizer  45)  per  square  foot  of  grate. 

Such  a  boiler  will  usually  bum  12  to  18  tons  of  coal  per  week  of 
hours,  or  15  to  22  lbs.  of  coal  per  hour  per  square  foot  of  grate  (» 
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lae.  The  T0itlcal  boilers  shown  in  Figs.  198-200  are  easy 
inderstancL  Fig.  201  shows  a  "  Field "  water-tube  which  pro- 
\  downwards  into  a  fireplace,  and  is  surrounded  by  flame.  A 
ical  tube  closed  at  the  end  with  water  in  it, 
IMidfri  by  flame,  will  get  nearly  red  hot  and 
^widdeiily  much  of  the  water  becomes  steam 
piBvelj.     The   interior   tube  allows  the    most 

^4Pilcu]ation  to  take  place,  and  these  fleld  tubes 
wonderful  for  quick  evaporation. 
'^kiB  liKMimotiTe  boiler  the  usual  pressures 
to  200   lbs.    per    square   inch   absolute. 
shows  the  fire  box,  whose  top  and  sides 
S&y  copper  §  inch  thick)  are  in  one  pii-ce,  the 

l^te  TP,^  inch  thick  and  the  back  tire  box 
5  B FPheing  connected  by  flanges  to  the  rest. 
s  enclosed  by  its  \  inch  steel  casing  which 
a  shoulder  plate  joining  it  to  the  steel  \  inch 
si  formed  of  three  iron  or  steel  plates  called 
bttck,  the  middle,  and  the  front  plate.  The 
» plate  is  fastened  to  the  }  inch  smoke  lx>x  tulx* 
s  STP by  a  circular  angle  iron.  Al>out  iOO,  1  i 
\  inch  (10  W.G. thick)  brass  flue  tubes  convey 
Kit  gases  from  furnace  to  smoke  box  SJi  and  the 
Hey.  Rivets  usually  J  inch.  Circular  i<»ints 
\  lap   but    sometimes    butt.      Tlie    strai.i^ht  joints  alway.s  butt 

two  covering  plates. 

lie  holes  in  both  the  tube  plat*-.-  are  lar^'-r  than  thr  tul>i->.  \xhioli 
laiwed  through  from  the  smokr  box  end  of  the  barrel  an«l  then 
Dded  and  made  steam  tight  with  a  tube  exi*aiHler,  ferrules  being 
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QO.  Notioe  the  shapes  of  the  fire  hars  and  how  they  are  carried  by 
bolts  thioagh  the  foundation  ring  FR,  The  air  space  is  from  \to  \ 
of  the  whole  grate  area.  A  wrought  iron  rectangular  ashpan  is 
bolted  to  FR.  It  has  a  damper  in  front  (sometimes  one  at  the  back 
iho),  a  hinged  door  worked  by  a  notched  rod  from  the  foot  plate. 
There  is  usually  a  fire  brick  arch  nearly  across  the  fire  box  to  deflect 
Uie  flame  and  so  mix  the  gases  better.  It  was  the  use  of  this  brick 
ireh  which  first  enabled  coal  to  be  burnt  instead  of  coke  in  loco- 
modves.  There  is  also  usually  a  deflector  plate  inside  the  fire  hole 
to  deflect  the  cold  air  downwards  when  the  door  opens.  As  this 
ohinicts  radiation  it  is  not  so  good  as  having  a  door  opening  inwards 
vhich  itself  acts  as  a  deflector  plate. 

The  regulator  for  admitting  steam  through  the  steampipe  S  Pto 

the  valve  chest  is  shown  in  Fig.  64. 

The  heating  surfisu^  of  a  locomotive  is  usually  750  times  the  area 

of  one  of  the  pistons;  the  grate  area  is  usually  10  times  the  area  ot' 

one  of  the  pistons.     The  tube  heating  surface  is  usually  10  times  the 

betting  surfiu^  of  the  fire  box. 

Exercise.    One  piston  16  inches  diameter,  what  is    its   area  ^ 

*Tuit  is  the  customary  total  heating  surface,  tube  surface,  &c.  ? 
Anmcer.  Piston  201  square  inches;  grate  14  square  feet;  heating 

1M7 ;  tube  sur&ce  951 ;  fire  box  heating  surface  95.    If  the  tubes  are 

^  inches  in  diameter  inside  and  10  feet  long  how  many  of  them  are 

tfcere? 

Answer,  Each  tube  has  an  area  of  3*93  square  feet,  so  that  there 
^about  265ofthem. 

High  cylindric  marine  boilers  are  from  11  to  17  feet  in 
^Jiiineter,  and  are  either  double  or  single  ended.  Fig.  203  is  single 
«aded,  9  to  10  feet  long,  and  Fig.  205-0  is  double  ended,  17  to  18  feet 
kttg,  being  like  two  single-ended  boilers  set  back  to  back.  There  is 
P»ter  economy  of  weight  and  sjwice  and  heat  radiation.  In  nien-of- 
•*r  there  may  be  an  advantage  in  having  more  boilers  quite  distinct. 

Fig.  205  is  one  of  four  marine  boilers.  The  shell  is  cylindric  with 
cwnigated  furnaces.  The  straight  joints  are  treble  riveted  butt,  with 
tto  covering  plates,  breaking  joint.  The  ring  joints  are  double  rivetiMl 
^  Usually  there  are  two  or  three  combustion  chambers,  not  always 
^fce  same  in  number  as  the  furnaces.  The  uptiikes  meet  at  the 
W  of  the  funnel,  with  a  damper  in  each  ;  indee<l  there  is  usually  a 
^per  for  each  combustion  chamber  for  greater  ease  in  cleaning  the 
"eptiate  furnaces.  The  furnaces  are  from  30  to  45  inches  in  diameter, 
'!i  inches  long,  grate  6  to  7  feet  long  in  two  or  three  lengths  of  steel 
fire  bars  (Fig.  206).     There  is  always  an  ash  tray  lxH;ause  of  the 
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corrugations  in  the  furnaces,  and  it  is  usual  to  keep  a  little  water  in 
it.  The  furnace  tubes  are  kept  4  to  5  inches  apart  both  at  heights  and 
hollows  of  the  corrugations.  The  ends  flanged  are  f  to  |  inch  thick. 
The  front  one  is  in  three  pieces.  The  central  piece  is  the  front  tube 
plate ;  the  lower,  flanged  out  at  the  holes,  carries  the  furnaces.  The 
combustion  chambers  are  of  flat  plates  curved  and  flanged  ?  to  iV  ^ 
thick,  well  stayed. 

The  tubes  are  still  sometimes  of  brass  but  almost  alwap  of 
drawn  steel  J  inch  thick,  2  J  to  3  inches  internal  diameter.  They,  are 
a  good  fit  for  the  holes  in  the  tube  plates  and  a  tube  expander  is 
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usod.  Tho  holes  aiv  a  little  larger  at  the  smoke  box  end  to  facilitate 
insertion  and  withilniwal.  The  lubes  are  usually  about  1  inch  apart 
on  their  out si(lt\s.  Notice  the  large  number  of  tubes  that  are  stay 
luhes  marked  blacker  than  the  rest  in  Fig.  205.  (Many  people  object 
altogether  to  the  use  of  st^iv  tubes,  which  indeed  are  seldom  used  in 
locomotives.^  The  Serve  tube  has  internal  ribs  for  the  bettff 
abstract it>n  o(  heat  ;  it  is  o(  twice  the  usual  weight  and  cannot  be 
nioie  t^lHchMit  than  a  snuUl  lulv  with  great  draught. 

Notict>  \\\c  eml  \o  eml  stay  bi\rs  2  or  2\  inches  diameter,  the  holes 
in  the  ulates  not  scix^wahI, 

\h^atl\  tlh\\^  an*  single-ondeil  lx>ilers  of  13  feet  diameter,  whc» 
«  \  ln\th»e  jvni  \s  I  $  inches  thick  10  fivt  long,  in  two  plates  each  11  M 
l»i.»;nl.  \\\{\\  one  weMiHl  joint  :  the  other  joint,  being  welded  at  it^end 
jnoit  onl\.  tht^  it^st  ot  it  tnbie  riveteil.  The  flanges  are  intenw 
iuul  on  tho  cyhn^lnc  jvut.  each  of  the  end  plates  being  inonepiecR 
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It  is  diflScult  to  convey  larger  plates  than  these  by  rail.  Very  large 
flanging  and  welding  machinery  has  thus  given  great  simplicity  and 
strength  of  construction. 

ExERClSEL  A  marine  boiler  shell  is  16  feet  3  inches  diameter,  1^ 
inches  thick  (1^  inches  thickness  has  been  exceeded  in  the  mercantile 
nttrine),  for  a  working  gauge  pressure  of  170  lbs.  The  furnaces  are  43 
inches  diameter  and  |  inch  thick.   Neglecting  the  increase  in  effective 
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Fio.  904.— Marine  Enoike  Steam  Pipes. 

thickness  due  to  the  corrugations,  what  are  the  working  stresses  ? 

Annxr.  Shell  /=  — ^ — -—-  =  11, 050,  and  as  the  joint  is *  or 

■^  2xli  "^  5+1-45 

"837  of  the  strength  of  the  unhurt  plate,  the  answer  is  11,050-t--837,  or 

6  tons  per  square  inch  tensile  stress  in  the  joints  of  the  shell. 

43  X 170 
In  the  furnace  tube/=  — ^ — TT '  ^^  5,848  lbs.  per  square  inch. 

The  working  and  test  pressures  of  a  marine  boiler  arc  usually 
engraved  on  a  brass  plate  fixed  to  the  front  of  the  boiler.  It  is  usual  to 
provide  two  Bourdon  pressure  gauges ;  one  scale  goes  to  15  or  20  lbs. 
above  the  working  pressure,  the  other  to  the  highest  pressure  used  in 
testing  the  boiler  hydraulically. 

To  show  the  general  nature  of  the  steam  pipe  connection!  ^  in 
the  Xavy,  in  Fig.  204,  the  dotted  linos  are  bulkheads,  and  I  lussume 
that  there  are  four  double-ended  boilers  and  twin  screw  engines ;  1  and 
2 are  the  stop  valves  of  the  boiler  in  the  forward  boiler  room  FUR, 
giving  steam  to  their  main  pipe,  which  goes  to  the  starlx)anl  engine- 
roi>m  bulkhead  .stop  valve  3.  Tht^  st<»p  valves  4  an<l  .5  in  the  after 
boiler  room  AB R  give  steam  to  their  main,  which  goes  to  the  j)ort 
triijjine-room  bulkhead  stop  valve  (J.  There  is  a  thwart-ship  main 
pipe  on  which  are  the  stop  valves  3  and  0  just  mentione<l ;  also  valves 

7  and  8  (to  shut  off  either  engine)  which  may  be  closed  either  by 
hand  in  the  engine-room  or  from  outride  ;  and  the  regulator  valves  of 
the  engines  9  and  10.  Seven  and  8  are  held  open  against  the  pressure, 

'  Electric  light  station  engineers  arc  evolving  important  ftcheincs  f>f  steanipipe 
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so  that  they  tntiy  ho.  tiisilv  clonwl,  and  umaM  pass  viUves  arc  [>r<*vi(l« 
lo  en-se  iheir  opening.  Ijomiitinies  then?  iw  annther  valve  ptuvidf 
between  3  and  (i. 

It  itt  most,  important  that  tho  water  ICTCl  !«hoiild  be  Icfpt  fi 
in   fdl    th«   boilers.      There    is   ample   feeding   powur,  and   i 
emei^ency all  tho  feed  may  be  given  to  one  boiler;  and  we  | 


that  there  may  be  a  jfreat  increaw  in  tho  speed  of  the  i 
pump,  an<l  besiiii.-^  Ihia  thvro  is  an  aiixilia.ry  feed  pump  ak 
spite  of  this,  the  water  level  ^ets  lower,  the  stop  valve  mast  I 
the  safety  valve  opeiifl.  and  the  fires  drawn. 

Unli^m  there  ik  time  ^von  to  prL-paru  r<n  that  there  i 
tfood  reserve  of  8t«>aui  by  throttling,  &c.,  it  is  difliault  la  I 
uoQslant  preNAiire  when  the  Hpeod  of  the  ship  Nit&nt  It  ii 
now  lo  blow  off  without  Doiso  by  the  tilent  htow  of  or  stu 


THE   STEAM    ENGINE 


Ctti.f. 


the  main  8tcam  pipe,  which  Ints  steam  directly  into  the  fondetuieTS, 
thiiA  saving  feed-water.  Care  most  be  taken  in  duiog  this  gradnally 
so  aa  not  to  damage  the  condenser  tubea. 

It  is  a  g(Mx!  exercise  for  atudfiits  starting  at  the  feed  tank  ; 
to  describe  bow  the  water  ituff  travelB  in  a  marine  et^ine  { 
Feed  tank  at  100^  F. — feed  pump  suctiim  pipr,  suction  ralm; 
increased  pressure,  delivery  valve  witli  branch  to  builer-feed  rahn,  | 
feed  pi[)e  inside  lx>iIor.  GrvAt  hwl  , 
received  through  heating  surTaco  I 
from  furnace  and  Dues,  bccomei  | 
eteam  at  370"  F.  and  170  lbs.  p:»- 
sure,  jm^isos  through  i<top  valve 
nearly  dry.  main  steam  pipe,  bulk- 
head viilve.  stop  valve,  regulating 
valvf  g^'tting  a  little  w<;t ;  viJw 
chest  of  H.P.  engine ,  H,P  cylinder, 
condensing  on  entrance  a  good  deal, 
doing  work  oii  pinton,  fxpanding 
and  i'va]H>nitiiig  a  little,  i-xhnust  At 
larger  volume  and  smaller  pressmv, 
and  fvajiorating  all  that  was  ooa- 
densc'd  as  it  jMisBes  into  first  rf- 
reiver,  valvn  chest  of  int«nn<.<diat« 
eyiinder  i-ondensing  as  it  entcit 
doing  work  on  piftlon,  expanding 
and  evaporating  a  littlu ;  cxhuut 
al  larger  volume  and  smaller  pm*- 
sure  and  evaporating  all  thai  WH 
nmidensed  as  it  passes  into  socond 
receiver — valve  che»t  of  L.P.  cjlin- 
iler,  condensing  on  entrance  to  UP. 
cylinder,  doing  work  on  piston,  «>• 
ponding  and  evaporating  a  littk 
exhaust  at  larger  volume  and  smaller  pressure,  evaporating  all  that 
was  condenwid  at  first  as  it  passes  by  exhaust  pipt-  to  condetunr,— 
suction  pipe,  foot,  bucket  and  delivciy  valve — discharge  pipe  to  fcol 
tank. 

All  the  sulphate  of  lime  cnming  in  with  flred-water  is  insoloWe  •! 
290"  K  and  depocltt  as  a  cWt-liuing  scale.  Common  salt  ismluble 
and  magnesium  sulphate  although  insoluble  falls  u  a  soft 
Beaidesit  isreniovabk'.as  carbonate  of  lime  is  n-niovable  (by 
bulling).    Sea  water  contains  3i  lbs.  of  sulphate  of  lim«  por 
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ISB.  Engines  of  12,000  I.H.P.  use  17  lbs.  of  steam  per  hour 
power ;  what  is  the  weight  of  feed- water  per  day  ? 

12,000x17x24^   oiQ«+^«o 
r.  —^240 '        ' 

98  the  feed- water  to  have  5  per  cent,  of  sea  water  per  cycle 
it  because  of  leakage,  what  is  the  amount  of  deposit  of 
>f  lime  in  the  boilers  per  day  ?  Answer,  Each  ton  of  feed 
L75  lb.,  or  there  is  a  total  deposit  of  383  lbs.  per  day. 
t  total  heating  sur&ce  is  50,000  square  feet,  and  if  the 
>f  lime  is  deposited  uniformly  over  it,  and  if  its  specific 
2*6,  what  thickness  will  be  deposited  in  three  months  ? 


6  o 

Fio.  'JOS.— Low  Cylindric  Marine  Boiler. 


The  volume  per  day  is  383  -f  (()2  3  x  26)  or  2364  cubic 
mess  in  feet  per  day,  2304  -r-  50,000,  and  thickness  in  inches 
\  is  "0516  or  a  little  more  than  J„th  of  an  inch. 
08  is  a  low  form  of  cvlindrir  marine  boiler,  (7  to  9  feet 
jrith  two  furnaces,  10  feet  with  three  furnaces,  17  to  18  feet 
lorn  employed  except  in  small  vessels.  The  stay  bars  from 
istion  chamber  to  thc^  shell,  I)  to  K,  make  the  interior  less 
The  heating  surface  is  about  30  times  the  grate.  About 
coal  are  used  per  hour  per  scjuan,'  foot  of  grate,  or  26  if  the 
naght  is  helped.  The  weight  of  boiler,  including  water,  is 
\\  c^'ts.  per  indicated  horse-power. 

r  tnbe  boilers  are  mostly  used  in  cases  where  space  is 
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limited,  as  in  ships,  electric  light  and  other  stations  in  cities. 
They  are  now  used  in  the  very  largest  ships.  They  give  the  same 
heating  surface  with  less  weight  both  of  boiler  and  of  water  contained 
by  it ;  the  pressures  are  high  and  safety  great ;  their  weight  per 
horse-power  is  about  40  lbs.  as  against  130  Iha  in  cylindric  boilen. 
There  are  no  other  boilers  capable  of  producing  so  much  steam  per 
hour  which  have  so  little  reserve  power ;  and  it  almost  seems  as 
if  we  were  nearing  the  time  when  boilers  will  only  contain  as  much 
water  as  will  supply  their  engines  with  steam  for  a  few  seoonda 
At  present  steam  is  raised  in  them  in  twenty  to  thirty  minutes 
without  undue  straining.  These  boilers  are  almost  all  now  fitted 
with  floats  which  open  equilibrium  feed  valves  automatically,  to  keep 
the  water  level  nearly  constant.  The  arrangements  must  be  verjr 
frictionless.  In  considering  gauge  glasses,  &c.,  it  is  to  be  remembered 
that  there  are  considerable  differences  of  pressures  between  different 
parts  of  these  boilers.  Hence,  when  evaporation  stops  in  the  funh 
drowned  types  the  water  level  falls.  Impure  water  is  specialljr 
troublesome.  A  reducing  valve  is  oflen  relied  upon  to  steady  and 
dry  the  supply  from  these  boilers. 

In  ordinary  boilers  there  would  be  a  very  much  more  rapid  genenk 
tion  of  steam  if  centrifugal  pumps  or  other  stirrlDg  arrangemeBli 
were  worked  inside.  The  water  tube  boiler  gives  probably  the  veiy 
best  circulation  that  we  are  likely  to  see  due  to  mere  natural  changei 
of  density  produced  by  heat.  This  matter  has  become  much  mow 
important  since  the  use  of  surface  condensers  has  caused  boiler  water 
to  be  greatly  free  from  air.     (See  Art.  354.) 

These  boilers  are  seen  at  their  worst  when  supplied  with  unsuitable 
water.  In  towns  they  are  supplied  with  fresh  water  continually,  when 
supplying  non-condensing  engines.  This  water  is  passed  through » 
feed-water  heater,  called  a  water  purifier,  arranged  so  as  to  be  easily 
cleaned  of  sediment. 

All  town  watrcr  has  from  10  to  100  grains  of  solid  matter  per 
gallon. 

Exercise.  Engine  of  100  indicated  horse-power  using  20  lbs.  of 
water  per  hour  per  horse-power.  How  much  solid  matter  is  de- 
posited by  the  water  per  month  (10  hours  per  day)  ?  Answer.  50 
to  500  lbs. 

Filters  aro  uso<l  to  remove  the  mud,  or  sometimes  mere  settlement 
suttiees.  As  for  the  salts :  the  carbonates  of  lime  and  magnesia  are 
only  sohible  if  carbonic  acid  is  ])resent,  so  that  if  this  is  removed, 
either  by  boiling  or  by  the  a<l(lition  of  lime-water  or  soda  the  salte 
are  deposited*    As  for  the  sulphates  of  lime  and  magnesia  at  a  veiy 
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temperature  they  are  insoluble  and  will  deposit.  But  the 
tion  of  carbonate  of  lime  will  also  cause  them  to  deposit  as  a 
e  powder,  which  may  be  removed  by  filtering. 
Ir.  Thomycroft  was  probably  the  first  to  introduce  the  water 
boiler  with  rapid  circulation  of  the  water  in  small  tubes,  the 
3  and  hot  gases  playing  round  their  outsides.  The  water  in  his 
1  carved  pipes  is  partly  water,  partly  steam ;  the  mixed  mass 
rapidly,  being  very  light  compared  with  the  more  compact  mass 
rnter  in  his  dovm-comer  pipes.  In  this  way  the  water  is  always 
Jftting  in  a  way  which  has  been  examined  through  thick  glass 
on  his  top  horizontal  steam  chamber,  and  he  has  measured  the 
nnt  of  water  circulating  by  means  of  a  gauge  notch  inside.  The 
i  ct  the  small  tubes  could  be  seen  spurting  out  water  inter- 
ently,  and  there  is  a  complete  circulation  of  105  lbs.  of  water  for 
y  1  lb.  of  steam  generated.  There  is  still  some  discussion  as 
le  relative  values  of  the  Thomycroft  fystem — tubes  opening 
re  water  line — and  the  drowned  tube  system.  Thomycroft 
OS  greater  safety,  more  certain  and  more  rapid  circulation,  better 
ioDg  with  bad  water  and  better  efficiency,  and  more  power 
the  weight.  The  curved  tubes  bend  easily  without  straining 
boiler. 

In  one  form  of  Thomvcroft  boiler  the  furnace  fuel   does  not 

If 

ate  heat  directly  to  the  water  tubes :  the  furnace  has  a  firebrick 
ning :  the  products  of  combustion  are  well  mixed  before  they  are 
litted  to  the  tube  space. 

In  the  Tarrow  boiler.  Fig.  211,  the  tubes  are  straight,  they  enter 
steam-chamber  below  the  water  level.    In  the  Belleville  boiler 

4  inch  or  5  inch  tubes  are  straight,  joined  to  elbow  pieces  or 
rtion  boxes  by  screwed  joints,  making  zig-zag  paths  of  small 
>e  fo>m  a  low  small  water  chamber  to  an  up|>or  steam  chamber  over 
irdinar}'  grate.  All  is  enclosed,  except  the  steam-chamber.  The 
I  admitted  to  the  steam-chamber  mixes  there  with  rising  water, 

both  descend  through  a  non-retuni  valve  to  a  quiet  sediment 
ector  before  being  used.  The  sediment  is  blown  out  pericxlically. 
oe  lime  put  into  the  feed  tank  causes  the  oil  to  deposit  also.^  The 
e«  may  be  examined  by  o|)ening  doors  on  the  front :  there  is  an 
omatic  feed  control,  a  float  in  a  stand  pipe  controlling  the  feed 
ulation  valve. 

The  Babcock   and  Wilcox,  Fig.  212,  is  much  employed  in 
;tric  light  stations. 
Exercise. — If  the  proper  working  pressure  for  a  tube  16  feet 

boilen  are  particularly  aflfectad  by  a  list  of  the  vessel  to  one  side. 

Q  2 
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diameter  and  1^  inches  thick,  weakened  by  no  joint,  is  200  lbs.  per 
square  inch  (above  atmos.),  what  is  the  proper  working  pressure  for  a 
tube  1  inch  diameter  ^V  inch  thick  of  the  same  material  ? 
Answer.  1,600  lbs.  per  square  inch. 

Exercise.  A  vertical  pipe  of  length  /,  has  many  thin  copper  tubes  Ijing 
inside  it,  nearly  touching ;  water  is  driven  through  the  space  round  the  tnbei^ 
along  the  pipe,  at  the  velocity  v^ ;  hot  gases  from  a  furnace  are  driven  through  Um 
tubes  in  the  opposite  direction  at  the  velocity  of  c*,.    If  the  heat  given  to  Um 

water  is  proportional  to  I  ^  -^-^  ,  where  m^  and  m,  are  the  hydraulic  mtm 

depths  of  the  gas  and  water  spaces,  prove  that  (if  the  thicknesses  of  the  tubas  an 
proportional  to  their  diameters)  if  the  diameters  of  the  tubes  and  pipe  an 
halved,  keeping  the  same  number  of  tubes  and  same  arrangement  of  than,  aikl 
if  the  same  (piantities  of  water  and  gas  are  drawn  through,  the  amount  of  hell 
given  up  is  the  same,  if  the  length  is  only  one-eighth  of  what  it  was  before. 

For  if  d  is  the  diameter  of  a  tube,  mj  is  proportional  to  d,  so  that «]  ii 
halved  ;  also  it  is  easy  to  see  that  m^  is  halved ;  also  the  velocities  are  inversa^ 
proportional  to  the  areas,  so  that  i\  is  four  times  as  great,  and  so  is  r^  If  a;  ii 
the  new  length,  then 

I  have  no  proof  that  the  above  rule  truly  holds,  but  I  have  no  doubt  UmI 
some  such  rule  hohls.  If  it  does,  the  application  of  it  ought  to  lead  to  greil 
reforms  in  boiler  construction.     See  Chap.  XXXIII. 

• 

1Q7.  Draught.  If  students  work  the  following  exercises  thej 
will  possess  the  small  amount  of  knowledge  that  seems  in  anybod/s 
possession  on  the  subject  of  chimney  draught. 

Exercise  1.  The  weight  of  a  cubic  foot  of  air  at  atmospheric 
pressure  and  32"  F.  is  0807,  what  is  the  weight  of  a  cubic  foot  ai 
62"  F. ;  at  552**  F.  ?     Answer.   0761  lb.,  0393  lb. 

ExEiicisE  2.  A  column  of  air  at  552°  F.,  1  square  foot  in  section, 
and  h  feet  high,  how  much  less  is  it  m  weight  than  a  column  of  equal 
height  at  62'  F.  ?     Ansu^r.  h  (0761  -  -0393),  or  -0368  A. 

ExEUCisE  3.  What  height  of  chimney  will  produce  a  draught 
equal  to  the  ])res.sure  of  1  inch  of  water,  if  its  average  intenal 
temperature  is  552"  F.  and  the  temperature  of  the  atmosphere  is 
62**  F.  ?  A  trcjuare  foot  1  inch  high  of  water  is  -jV  of  a  cubic  foot, 
and  weighs  62*3  ^  12,  or  5*2  lbs.  This  must  be  the  difference  in 
weight  of  a  cohimn  of  hot  air  inside  the  chimney  and  a  column 
of  the  siune  height  of  cold  air:  taking  the  answer  of  Exercise  2,  ifi 
is  height  of  chimney  in  feet, 

•0368  h  =  5-2,  or  /<  =  140  feet  nearly. 

This  answer  ought  to  be  remembered  by  all  engineers. 

The  stuff  in   the   chimney   is  a  little  denser  than  air;  th^ 
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mpemtnre-  is  perhaps  less  or  more  than  552^  F.,  the  outside  air 

ay  be  different  from  62°  F.     Nevertheless,  a  chimney  of  the  height 

'  140  feet  will  produce  a  draught  of  about  1  inch  of  water  if  the 

>w  of  gas  is  slow.     When  the  gas  flows  fast,  the  draught  diminishes 

K»use  of  the  friction  in  the  chimney  itself. 

This  draught  is  needed  to  overcome  the  ftictional  reBistance  to 

le  passage  of  air,  (1)  through  the  coals  on  the  grate ;  the  more  these 

re  scrubbed  b}-  the  air  the  more  rapid  being  the  combustion  of  what 

kay  be  called  the  fixed  carbon.     Indeed,  this  scrubbing  conduces  to 

3Si  air  being  needed  per  pound  of  coal.     The  frictional  resistance  in 

ke  fire  is  probably  the  greatest  of  the  frictional  resistances  in  a 

toiler  which  has  a  thick  fire ;  (2)  round  comers  and  obstructions  in 

he  flues;  (3)  along  all  the  more  regular  parts  of  the   flues   and 

liiiQiiey.     This  is  probably  the  smaller  of  the  three  terms  whereas 

t  ought  to  be  much  the  greatest  in  a  well-arranged  boiler.     It  is 

Noportional  to  the  whole   surface   of  flues   and   chimney,   and   is 

nveisely  proportional  to  their  average  cross  section.     Indeed,  it  is 

i»ual  to  say,  what  comes  to  the  same  thing,  that  it  is  proportional  to 

'  the  length,  divided  by  m  the  hydraulic  mean  depth  (cross  section 

rf  any  channel  conve}4ng  fluid  divided  by  perimeter  touched  by  the 

laid  is  called  the  hydraulic  mean  depth).     It  will  be  found  that 

limost  ever}'thing  that  makes  friction  great  in  flues  conduces  also, 

md  for  much  the  same  reasons,  to  better  combustion  and  the  more 

lapid  transmission  of  the  heat  to  the  water.     If  the  velocity  of  air 

through  a  boiler  is  doubled  the  friction  is  quadnipled,  and  so  the 

dntij^t  must  be  four  times  as  great.     And  if  produced  by  a  chimney 

we  saw  that  the  draught  is  proportional  to  its  height.    Nevertheless, 

when  a  boiler  is  intended  to  bum  twice  as  much  coal  per  hour  on 

eTen*  square  foot  of  grate,  although  the  velocity  of  air  is  to  be  twice 

is  great  and  the  draught  necessary  is  four  times  as  great,  it  is  usual 

toa»6ume  that  the  height  of  the  chimney  need  only  be  twice  as 

gftAt     The  subject,  like  all  connected  with  it  relating  to  friction  of 

4ir  in  passages,  has  not  yet  l)een  ciirefully  studied.     The  height  of  a 

low  chimney  is  usually  flxe<l,  not  by  calculation  of  the  draught,  but 

hj*  the  sanitar)'  requirements  of  the  neighbourhoo<l. 

The  area  of  cross  section  of  a  brick  chimnev  flue  is  usuallv  taken 

U)  be  this  fraction  of  the  whole  grate  area  of  the  boiler  or  boilers 

ew  ,  , 

Tff,  where  H  =  height  of  chimney  in  feet,  w  =  weight  of  coal  per 

^uare  foot  of  grate*  per  hour,     c  is  01   for  one  Lancashire  boiler, 
D8  for  six  boilers,  'WJo  for  twelve  boilers. 

The  average  height  of  a  steamer's  chimney  is  70  feet  above  the 
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grate ;  its  section  is  usually  ^  to  ^  of  the  total  firegrate  area.     In 
locomotives  and  portable  engines  yV* 

More  rapid  rates  of  firing  than  30  lbs.  per  hour  per  square  foot  of 
grate  need  fbrced  draught.  Nobody  who  has  noticed  the  demorali- 
sation of  a  good  stoker  when  he  is  firing  quickly  and  has  no  command 
of  sufficient  draught  will  attempt  to  have  a  consumption  of  35  Ibei 
per  square  foot  with  natural  draught.  With  good  draught  and  thick 
fires  (never  less  than  1 0  inches  thick  after  or  7  inches  before  stoking) 
we  use  less  air  and  have  higher  temperatures. 

In  locomotives  the  forced  draught  is  produced  by  the  exhaust 
steam  puffing  up  the  chimney.  In  marine  boilers  the  steam  must 
all  be  returned  to  the  boiler,  and  a  surface  condenser  must  be  used, 
because  the  use  of  sea  water  in  the  boilers  was  always  troublesome, 
even  when  low  pressures  were  used ;  but  with  the  high  pressures 
now  in  use,  sea  water  would  deposit  all  its  sulphates  of  magnesium 
and  lime  in  the  boiler.  Hence  a  steam  blast  cannot  be  used 
Indeed,  in  all  cases  natural  draught  is  i-elied  upon  in  the  ordinaiy 
working,  and  forced  draught  is  only  used  in  emergencies.  And 
yet  when  using  the  natural  draught  of  the  chimney  we  find 
differences  due  to  the  weather,  so  that  fitns  blowing  air  into  the 
boiler  room  (a  certain  amount  of  care,  but  not  too  much,  being  taken 
to  close  all  vents  except  through  the  furnaces)  produce  a  wonderfbl 
improvement.  The  supply  to  fans  is  always  through  cowls  on  the 
upper  deck.  The  name  "  forced  draught "  is  more  usually  applied  to 
the  case  in  which  the  stokeholds  alone  are  made  air-tight,  sldA  air  is 
pumped  into  them  so  that  the  draught  obtainable  is  1  to  1^  inches 
of  water  in  cruisers  and  2  inches  in  battleships.  Entrance  to  these 
stokeholds  is  through  air  locks  (that  is,  two  air-tight  doors  with  a 
space  between  them).  These  are  open  if  the  forced  draught  is  not 
on,  and  other  openings  are  then  also  made. 

Indeed,  the  fans  are  usually  kept  going  all  the  time,  and  when 
the  draught  produced  by  them  is  only  ^  an  inch  of  water  it  is  really 
used  as  "  natural  draught "  on  the  trials  of  a  ship's  engines.  From 
25  to  70  per  cent,  is  said  to  be  the  increase  of  development  of  stetfs 
with  fairly  g<x)d  combustion,  producible  (with  good  fires)  by  ftom  1 
to  2  inches  of  forced  draught. 

Under  natural  draught  in  Lancashire  boilers  we  find  that  we 
obtain  the  best  results  when  twice  the  absolutely  necessary  quantity 
of  air  is  admitted.  Unless  we  admit  this  excess,  the  thicker  parts  of 
the  tire  get  too  little  air.  Under  the  fan-helped  natural  draught  io 
marine  boilers,  about  50  or  60  per  cent,  of  excess  air  is  admitted,  aiw 
under  forced  draught  less  than  50  per  cent,  of  excess  is  admitted. 
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Vith  the  strong  forced  draught  and  thick  fires  of  locomotive  boilers 
ood  combustion  is  obtained  with  much  less  than  50  per  cent,  of 
xces  air. 

In  Howdttn's  tystem  of  forced  draught,  air  driven  by  a  fan 
nases  through  tubes  in  the  uptake,  and  so  is  heated ;  it  is  admitted 
Dto  the  ashpit  and  over  the  grate,  both  spaces  being  air-tight, 
ffodacing  a  draught  of  |  to  1  inch  of  water. 

There  is  another  system,  of  drawing  the  gases  through  a  &n 
xfiore  they  get  into  the  chimney. 

Exercise  1.  If  grate  area  is  160  square  feet,  45  lbs.  coal  per 

Kjuaxe  foot  per  hour,  200  cubic  feet  of  air  at  60""  F.  and  atmospheric 

pressure,  per  lb.  of  coal.     Find  the  useful  work  done  by  a  fan  if  the 

faught  produced  by  the  fan  is  1  inch  of  water  pressure  (the  draught 

ine  to  chimney  is  in  addition  to  this). 

62*3 
Answer.  1  inch  water  pressure  is  ~is-|  or  5*2  lbs.  per  square  foot, 

and  hence  the  work  done  per  hour  is  5*2  x  200  x  45  x  160,  or 
7-5  X  10*  foot-pounds.  The  useful  ])ower  is  therefore  3*8  horse- 
pover. 

Exercise  2.  If  the  useful  power  of  the  fan  is  20  per  cent,  of 
the  indicated  power  of  the  engine  driviug  it,  what  is  the  indicated 
pnrar? 

Anmoer.  19  horse-power. 

Exercise  3.  The  engine  driving  the  fan  consumes  30  lbs.  of  steam 
per  hour  per  indicated  horse-power,  and  the  above  boilers  develop 
1(^  lbs.  of  steam  per  pound  of  coal,  what  fraction  of  the  total  supply 
of  steam  is  spent  in  driving  the  fan  ? 

Answer.  The  total  evaporation  is  10*2  x  45  x  160,  or  73,440  lb. 
per  hour.  The  fim  uses  19  x  30,  or  570  lbs.  per  hour ;  the  answer  is 
dierefore  GOOTS,  or  0*78  per  cent. 

Exercise  4.  In  the  above  boilers  the  heating  surface  is  45 
tones  the  grate  area,  and  if  boilers  and  their  engines  produce 
1  indicated  horse-power  for  2  lbs.  of  coal  per  hour ;  at  the  above  rate 
*  they  use  45  x  160,  or  7,200  lbs.  of  coal  per  hour,  the  indicated 
Inwe-power  is  3,600.  This  is  22*5  horse-jKiwer  |)or  sciuare  foot  of 
gi*te,  or  1  horse-power  for  every  2  square  feet  of  heating  surface. 
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CHAPTER  XV. 

SUMEBICAL  CALCULATION. 

.  EteK  the  beginner  in  this  subject  must  know  not  merely 

It  mnltiply  and  divide  numbers,  he  iiiust  be  able  to  work  by 

Let  him  therefore  practise  multiplicittitm  and  division 

of  roots,  &c.,  in  this  way,  at  oiicc.     He  must  know 

UT  symbols  of  arithmetic  and  Hlgebni,  BU(;h  as  + ,  — ,  x , 

'  ~",  Jec     Also  what  a-  or  a*  mean.     But  he  must  also 

!  the  calculation  of  a*  where  ti  and  b  ;ire  any  numbers  what- 

Ijet  him,  therefore,  at  once,  work  the  following  exercises,  bi/ 


c  1.  Calculate  axb,  which  is  sometimes  written 

■hi  abo   calculate  a-rh,  which   nmy  be   writtfn  ic.l  yr  j 

hMls-1323  and  b  =  2Vii.     Am-w^.  :i 
Again  when  a  =  I7'oO  and  ^=  14:}'). 
Again,  when  a=0'5U42  and  ^  =  0'247l 


,  54  40. 

cr/x  2.-.20,  0-1224. 
««»■<«.  ()-|:J!t4, -J-2S;J. 


ir  that  the  following  stateuu'nts  of  the  sUiidnnl  tukcn  iw  the 
!  of  one  atmosphiTf  ngri'c.  I470  Ibn.  jiir  sijuare  ini-ii; 
Ufr3  lbs.  per  square  t<Hjt;  i'.H^'l  imhes  ut  nu-ivury  :it  0°  C. ; 
Id  mm.  of  mercury  at  0  C.  ;  IO;i:i  kilo?i  pt-r  s.|Tiiin'  nii-ire:  :&»  ft-L-l 
'pOFe  water  at  0°  C. :  :V.MH  ft-ct  of  sia-wat.-r  at  0'  C. 

For  a  certain  pnrjiuisi'  il  is  lurcs.-^ary  to  measiin'  Iwci  distances 
I  inches,  to  multiply  tho  nnmbirs  and  tn  cxtrjut  the  sijuan- 
«t.  Find  the  answer  when  the  disliinees  are  2';i4  and  loii  inches, 
iml  the  answers  aU)  when  lUe  disiain-e.-i  are  23^  and  lo5 ;  idH  and 
.57  ;  2-.'*5  and  I-55. 

Aiutcers.  If>i0(i,  liKH>4.  ]!I2(I«,  ]!HIS.j. 

If  the  litudent  will  supjiosi-  the  method  of  measurement  of  the 
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distances  to  be  such  that  an  error  of  "01  of  an  inch  was  possible,  he 
will  see  that  only  three  figures,  say  1'91,  ought  to  be  given  in  the 
answer. 

In  a  leading  newspaper  a  few  days  ago  I  saw  the  indicated  horse- 
power of  a  marine  engine  quoted  as  3562*74  horse-power.  Well,  it  is 
very  probable  that  this  measurement  is  in  error  at  least  5  per  cent 
That  is,  the  person  who  made  the  measurements  and  calculations  is 
not  sure  whether  the  answer  might  not  be  3,700  or  3,400,  and  yet  he 
pretends  that  his  last  figure  has  a  meaning.  I  am  sorry  to  say  that 
many  misleading  figures  of  this  kind  are  published  in  the  best  books 
written  on  the  steam  engine. 

I  often  notice  that  even  careful  experimenters  have  been  using 
thermometers  such  that  errors  of  one  degree  are  quite  probable,  and 
yet  they  will  state  results  of  observation  and  calculation  to  six 
significant  figures.  The  very  best  English  thermometers  cannot  be 
relied  upon  in  the  most  experienced  hands  to  the  tenth  of  a  degree 
Fahrenheit  if  ranges  of  from  20*"  F.  to  212®  F.  have  been  observed. 

A  teacher  ought  to  manufacture  a  great  many  exercises  in  multi- 
plication and  division  to  make  his  pupils  familiar  with  logarithms, 
and  not  until  they  are  so,  ought  he  to  proceed  to  the  following. 

Exercise  2.  Calculate  aP,  That  is,  the  number  a  raised  to  the 
power  indicated  by  h. 

Find  the  logarithm  of  a,  multiply  it  by  h,  and  this  is  the  logarithm 
of  the  answer. 

Let  a  =  20-52  and  6  =  2.     Answer.  4211. 
a  =  1564  and  6=1  i.     Answer,  1.956. 
a  =  0-5728  and  6  =  3.     Ansmr.  01879. 
a  =  60-7 1  and  6  =  J.     Anstcer.  3*930. 

Note  here  that  to  multiply  by  J  means  that  we  are  to  divide  byl 

a  =  0-241 5  and  6  =  J.     Answer.  06227. 

a=  1-671  and  6  =  2.     Answer.  03581. 

a  =  5014  and  6  =  3i.     Answer.  112x10-". 

Pupils  must  be  well  drilled  upon  the  fact  that  a"*  means  l-i-o*, 
and  that  ft^xtr'^^a^-^^. 

Exercise3.  Workontthevaluesof 3/=(j?r-^-.r-«)/(«-.l).  When 
5  =  0-8  ami  r  has  the  values  1333,  15,  2,  3,  5,  8, 12,  20.  The  answers 
arc  ^ivon  at  page  2H(). 

ExEHcisE  4.  Work  out  the  values  of  ^f  in  Exercise  3  when  «  =  l'i 
The  answers  are  ^iv(»n  at  piigc  ^8(5. 

Exercise  5.  It  is  said  that  the  numbers  headed  tf, p,  u,  Zf  and/ 


IT 


NUMERICAL  CALCULATION 


239 


D  die  tables  Art  180  are  nearly  connected  by  the  laws  given  in  (1), 
iK  (5).  (9),  &C.  Take  a  few  of  the  numbers  in  the  table  and  make 
be  calculations,  and  state  the  apparent  inaccuracy  per  cent.  There 
oo  better  kind  of  exercise,  for  it  ought  to  be  well  understood  that  to 
nn  a  good  acquaintance  with  the  table  means  more  than  the  one- 
lird  port  of  our  study  of  the  steam  engine.  Hence,  when  a  student 
ractises  the  use  of  a  slide-rule  or  book  of  4-figure  logarithms,  he 
igfat  to  practise  on  these  numbers.  Such  a  table  also  gives  rise  to 
e  best  kind  of  exercise  work  on  squared  paper. 

Exercise  6.  Let  the  student  practise  finding  rates  of  increaie. 
bus,  if  he  takes  numbers  at  random  from  columns  0  and  H  of  the 
lUe,  say  thetse : — 


M. 

6H. 

9 

2-7 

9 

2-8 

9 

27 

6II/SB. 


0-3 

0-31 

0-3 


He  ought  in  this  way  to  practise  the  finding  of  dp/d0  (this  is 
xpal  to  dpj'dt  if  ^  is  the  absolute  temperature)  and  others ;  using 
iqaared  paper,  perhaps,  to  help  him  to  find  an  exact  set  of  values. 

Exercise  7.  In  the  foUowing  case  how  ought  one  to  proceed?  From  a 
tahle  of  valaes  of  p  and  $  to  iind  dp/d$  for  105'  C.  with  the  greatest  accuracy 
poMible,  p  being  pressure  of  saturated  steam  in  pounds  {>er  8<]uare  foot,  and  $ 
temperatare. 


re. 

P- 

90 

1463 

95 

1765 

100 

2116 

105 

2524 

110 

2994 

115 

3534 

1*3) 

4152 

5p. 


31)2 

:i5i 

408 

470 

544) 
618 


49 

57 

62 

70 

78 


8 

5 

S 

8 


One-fifth  of  408  is  evidently  too  small,  one-fifth  of  470  is  too  great ;  a  little 
tbougfat  will  show  that  the  average  of  these  is  not  correct  eitlier.  There  is  a 
role,  deiiaced  by  an  application  of  Taylor's  Theorom,  which  can  Ih;  employe<l  in 
neh  cases.  Note  the  figures  in  clarendon  tj*pe  ;  it  will  Ik;  found  that  the  true 
dpdi  for  #=105*  C.  is  given  very  accurately  by  the  series  : — 

i;A(408  +  470)  -  ,'a  (70-57)  +  Vo(«  +  '^':       87-69. 

r.  If  the  quantities  sloping  down  to  the  riglit  \ye  called  d„  d^  d^ 
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kc,  and  those  sloping  upwards  to  the  riglit  be  oalle<l  ^i,  t^  e^  &o.,  then^ 
representing  the  value  of  p  when  0  is  105*  C  as/^O),  we  have  : — 

d,  =A0  +  h)  -AO)^hf'  +  AV  +   '^'/-  ^  Ac. 

Therefore  rf,  +  c,  =  2V'  +  2  ^-/'"  +  &c 

By  further  application  of  Taylor  we  obtain  d^  and  e^ ;  <i|  and  e|,  ami 
neglecting  terms  with  the  7(h  and  higher  powers  of  A,  we  are  able  to  exjpmm/*" 
and  f*  in  terms  of  d^  -  e^  and  d^  +  e,,  and  so  obtain 

¥'  =  iifii  +  ci)  -  Md^  -  ej  +  Vo(rf»  +  ft)' 
In  the  same  way  we  find 

hy"  =  l-209(c/i  -  6,)  -  0-1045  (c^  +  «a)  +  0-0098  (d,  +  e,). 

In  particular  cases  we  can  find   -^  with  great  accuracy  even  from  only  two 

terms  if  we  know  a  good  empirical  formula.  Thus,  for  example,  we  know  that 
with  not  very  great,  but  with  some  accuracy,  the  pressure  and  temperature 
of  steam  are  connected  by  the  law  9  =  a  +  6p^'',  if  9  is  the  temperature  Onti* 
grade  or  Fahrenheit.     Hence  if  we  only  get 

p  =  2524  for  $  =  106"  C,  p  =  2994  for  B  =  110. 

Extracting  the  fifth  roots  of  these  two  pressures 

105  =  a  +  4-790  6  110  s  a  +  4-958  b. 

Solving,  we  find  b  =  29-77,  a  =  -  37*6. 

Nowg=i^p-t,org  =  Jpt, 
so  that  when  p  =  2524,  |^^  =  88. 

I  often  ask  a  large  class  of  students  to  work  out  many  of  the  valaes  of  ^ 
in  the  table  Art.  180,  and  to  show  the  answers  in  a  curve  on  squared  paper. 

Exercise  8.  Assuming  from  Exercise  7  that  -^  for  ^=  105*  C. 

at 

is  87*68,  find  u  the  volume  of  a  cubic  foot  of  saturated  steam  from 
the  formula 

where  /  is  the  latent  heat  of  1  lb.  of  this  kind  of  steam  in  mechanical 
imits  or  740,710  foot-j)ounds ;  t  is  the  absolute  temperature,  or 
^4- 273*7,  and  Vu,  is  the  volume  of  one  pound  of  water  which  is  nearly 
negligable.     Ansi'wr,  22*31. 

Exercise  9.  A  student  is  supposed  to  know  that  yx^^^a  is  really 
the  siimo  as  log.  y-\-n  log.  iP  =  log. «,  any  kind  of  logarithms  being  used, 
and  he  ought  to  practise  calculations  retjuiring  this  knowledge. 

For  example :  let  us  suppose  that  some  kind  of  stuff  follows  the 
law  po^'^^=^a  where  p  is  pressure  in  pounds  per  square  inch  and  f  is 
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^ome  in  cubic  feet.  If  p^lQO  lbs.  per  square  inch  and  v  =  l  cubic 
ibot.  finda.     Answer.  100. 

Now  if  r  becomes  1'5,  using  the  same  value  of  a,  find  p. 

Ansiccr.  6324. 

Again,  if  v  becomes  2,  2^,  3,  3^,  4,  in  each  case  find  the  cor- 
responding value  of  ^. 

See  if  vour  answers  are  as  shown  in  the  third  column  of  the  first 
uUeof  Art.  156. 

Repeat  the  above  work  when  pv^'^  =  a,  taking  jp  =  100  and  v  =  1  to 
start  with,  and  compare  your  answers  with  the  figures  of  Art.  156. 

Example.  It  is  said  that  if  p  is  the  pressure  of  saturated  steam  in 
poonds  per  square  inch  and  u  is  the  volume  (in  cubic  feet)  of  a  pound 
of  steam,  then  there  is  a  rule  which  is  very  nearly  tnie, 

Take  some  of  the  values  of  |7  in  the  table  Art.  180  and  calculate 
vilaes  of  u  for  the  purpose  of  this  exercise,  and  also  notice  to  what 
extent  the  formula  does  really  represent  the  relation  between |)  and  u. 

Exercise  10.  Mr.  D.  Baxandall  and  Mr.  Lister  find  that  the 
numbers  in  the  last  columns  of  Table  II.  Art.  180,  may  be  calculated 
by  the  simple  formulsB 

le; =5-84 +  -**?- 
|?  +  50 

where  w  is  the  weight  of  dry  saturated  steam  per  horse-power  per 
hour,  of  pressure  p  lb.  per  square  inch,  which  would  be  used  by  a 
perfect  condensing  engine  using  the  Rankine  cycle  (see  Art.  214) ;  and 

1077 


IT  =  8-28  + 


2>  +  4 


where  w  is  the  weight  of  dry  saturated  steam  per  horse-power  of 
pwsstire  p  lb.  per  square  inch,  per  hour,  which  would  be  used  by  a 
perfect  non-condensing  engine  using  the  Rankine  cycle. 

Test  the  accuracy  of  these  formulae  for  the  following  values  of  p 
by  comparing  with  Table  IT.  of  Art.  180. 


C<*XDC3(l>lSfO. 


50 
110 
170 


'  by  abore 
formula. 


10-27 
8-61 
7-85 
718 


ir  in  table. 


l')-33 
8-60 
7-86 
7  16 


NON-COKDKXSI  N< ; . 


r  by  olx^ve 
formulu. 


f  in  tabic. 


50 

no 

170 
180 


28-04 
17-73 

14  ae 

12-07 


28-4 
17-66 
1450 
12-05 
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Exercise  11.  If  p{Vj^'^=p^v^^'^  and  if  ^  be  called  r.    If 


v^ 


6  lbs.  per  square  inch,  find  r  for  the  following  values  of  jp^. 


Pi     .... 
r 

250 

200 

150 

100 

fiO 

2713 

22-27 

17-26 

12-06 

6-53 

.  We   have   here  found  the  ratio   of  cut  off  which  enables 
pressure  p^y  to  become  6  at  the  end  of  the  expansion. 

Exercise  12.  If  p  =  a(0  +  bf,  and  if  we    have   given 
following  values 


V     \y,        .      . 

130 

135 

140 

P        ,      .      .      . 

39-25 

45-49 

52-52 

Find  0  when  p  =  45.    Also  find  -^,  which  is  5pl(0  +  b). 

Answer.  6  =  134"-66       %  =  1'31 

au 

The  student  will  find  that  the  above  formula,  although  | 
enough  for  interpolation  purposes,  is  not  an  accurate  general  fori 
connecting  p  and  0  for  saturated  steam. 

Exercise  13.  In  proving  the  reasonableness  of  the  Willans  la' 
steam  engines,  I  use  in  Art.  161  the  approximate  formula 

i  =  -0171  +  -0021  p, 
u 

where  u  is  the  volume  in  cubic  feet  of  1  lb.  of  steam  and  p  is 
pressure  in  pounds  per  square  inch. 

Take  the  following  values  of  p,  calculate  u,  and  compare  wi 
as  given  in  table. 


p- 

80 

M  by  the  aboTe  formula. 
5-40 

Real  u 

1 

5-37 

120 

3-71 

3-67 

140 

3-21 

3-18 

180 

2  •53 

2-51 

220 

2^)9 

2-09 

280 

1-65 

1-65 

130.  The  common  logarithm  of  a  number  n  may  be  and  oft 
written  as  log.  n,  but  if  we  wish  to  let  readers  be  quite  sure  tb 
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SOD  the  oommon  system,  which  suits  our  decimal  system,  or  is  to 
he  base  10  as  we  say,  then  we  write  it  as  log.^^  n, 

Mathematical  men  use  Napierian  (mechanical  engineers  some- 
mes  call  them  hyperbolic)  logarithms  to  the  base  e,  as  they  are 
Jled,  where  «  is  a  well-known  number  27183.  Thus  log.  n  is  read 
I  "The  Napierian  logarithm  of  the  number  n"  In  mathematical 
Dik  generally,  log.  n  always  means  the  Napierian  logarithm,  the 
being  left  out.  To  convert  common  into  Napierian  logarithms, 
nltiply  by  2*3026. 

The  Napierian  logarithm  is  very  useful  to  the  engineer,  and  so 
e  have  given  a  table  at  page  288. 

Exercise  1.  Using  a  table  of  common  logarithms  calculate  the 
i{iierian  logarithms  of  1,  2,  3,  4,  5,  6,  7,  8,  9,  10,  12,  16,  20.  The 
osweis  are  given  at  page  288. 

Exercise  2.  Work  out  the  values  of  (1  +  loge  r)lr  when  r  has 
lie  values  1, 1-333,  1*5,  2,  3,  5, 12,  20.  The  answers  are  given  in  the 
Mirth  column,  page  286. 

Exercise  3.  If^  =  22,  find -B  when  r^  =  12-39,  t^  =  493(corre- 

prnding  to  32^*  F.)  and  p^^  =  2,116. 
Ansiatr.  R  =  53*2. 

Exercise  4.  If  t?  =  3,  ^  =  500,  find i?  if ^  =  532. 

Antwer.  p  =  8,865. 

Exercise  5.  If  K  =  -2375,  k  =  -1688,  and  if  v,  t  and  p  have  their 
values  in  the  last  exercise,  calculate  ^,  the  entropy  of  a  pound  of  air, 
in  the  following  ways : — 

*  =  i  iog.|- +jnog.  £- (1) 

=  JTlog. i --B  log. ^ (2) 

=  ilog.  1 +iJ  log.  ^ (3) 

The  logarithms  are  Napierian. 

Antictr.  —  0-0411  in  all  three  cases. 

Exercise  6.  The  numbers  headed  4>^  (the  entropy  of  1  lb.  of 

t 
^^r)  are  very  nearly  equal  to  loge.   j- 

This  would  be  exactly  right,  only  that  the  specific  heat  of  water 
b  not   0(»i8tant.    t   is   any  absolute   temperature,   and  t^   is    the 

R  2 
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absolute   temperature  corresponding  to  0®  C.  or  32*  F.    Calcul 
a  few  values. 

Exercise  7.  The  numbers  headed  tf),  (the  entropy  of  a  poi 
of  steam)  are  calculated  by  adding  to  (f)„,  the  latent  heat  /  divi( 
by  the  absolute  temperature  t    Calculate  a  few  of  them. 

130.  Exercises  in  Mensuration. 

(1)  A  cylinder  18  inches  diameter,  30  inches  long,  what  is 
volume  in  cubic  feet  ? 

Answer,  4*41. 

(2)  A  cubic  foot  of  water  at  ordinary  temperatures  weighs  62*3 1 
A  gallon  contains  10  lbs.  of  water.  There  are  two  pints  in  a  qw 
and  four  quarts  in  a  gallon.  The  clearance  spaces  in  the  cylinder 
a  steam  engine  are  filled  with  water  and  emptied;  the  water 
measured  and  found  to  be  13*2  and  15*6  pints.  What  are  t 
volumes  of  the  clearance  spaces  ? 

Answer,  457  and  533  cubic  inches,  or  *26  and  *31  cubic  feet 

(3)  If  the  answer  to  Exercise  1  is  the  volume  of  the  working  stro 
of  the  same  cylinder,  compare  the  volumes  of  clearances  and  worid 
stroke. 

Answer,  6  per  cent  and  7  per  cent. 

(4)  A  pound  of  stuff,  partly  steam  and  partly  water,  at  a  pressure 
69'21  lbs.  per  square  inch,  fills  a  vessel  whose  volume  is  5*2  cubic  fe 
Neglecting  the  volume  of  water,  what  is  the  weight  of  the  porti 
which  is  steam  ?  In  the  table,  page  320,  you  will  find  the  volume 
one  pound  of  this  kind  of  steam.     Antnver.  0*843  lb. 

(5)  If  the  vessel  of  the  last  question  gets  larger,its  volume  becomi 
9'8  cubic  feet,  and  we  find  that  the  pressure  is  33*71  Iba  per  sqiu 
inch,  what  are  now  the  weights  of  steam  and  water  present  ?  Ansa 
0-809  lb.  steam,  0191  lb.  water. 

In  the  above  two  questions  we  neglected  the  volume  of  the  wat 
We  had  157  and  191  lb.  of  water  respectively  in  the  two  cases,  a 
these  must  be  very  nearly  the  correct  amounts,  however  carefully  t 
calculation  had  been  made.  Taking  water  at  62*3  lbs.  per  cubic  fi 
the  volumes  are  0025  and  0031  cubic  feet,  obviously  small  enou 
to  be  neglected  in  comparison  with  the  volumes  of  steam  in  stei 
engine  calculations. 

(6)  A  volume  of  7,620  cubic  inches  is  represented  on  a  diagn 
to  scale  by  a  distance  of  8*6  inches,  what  distance  will  reprew 
457  cubic  inches  ?  What  volumes  will  be  represented  by  8*34, 5*i 
8-39,  0G5  inches ? 
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Answer.  052  inches ;  1*715,  2-865,  4*323,  and  0*3334  cubic  feet. 
The  above  answers  are  all  used  in  Chap.  Y. 

(7)  A  locomotive  travels  at  50  miles  per  hour ;  how  many  revolu- 
tkui  per  minute  are  made  by  one  of  its  wheels,  6  feet  diameter, 
asnming  no  slip  ? 

Answer,  233*3  revolutions  per  minute. 

(8)  A  screw  propeller  makes  150  revolutions  per  minute,  its  slip 
is  3  per  cent,  the  ship  travels  at  15  knots.     What  is  the  pitch  of  the 

KTBW? 

Answer.  10*43  feet. 

(9)  A  cylinder  is  15  inches  in  diameter.  What  is  the  area  of  its 
crow  section  in  square  inches  and  in  square  feet  ?  The  crank  is  14 
inehesw  What  is  the  working  volume  in  cubic  feet  ?  It  takes  exactly 
ft  gallon  of  water  to  fill  the  clearance  space.  What  is  its  volume  ? 
EipnsB  the  clearance  as  a  fraction  of  the  working  volume. 

Answers.  176*715  square  inches.  2*8634  cubic  feet.  0*16  cubic 
faoi.    0*0561. 

(10)  The  length  of  the  indicator  diagram  from  the  cylinder  of  (3) 
fttillel  to  the  atmospheric  line  is  2*8  inches ;  what  distance  will,  to 
the  same  scale,  represent  the  clearance  ? 

Answer.  '157  incL 

(11)  A  boiler  has  300  tubes  8  feet  long,  3  inches  diameter  inside. 
Wbit  is  the  total  cross-sectional  area  ?  What  is  the  area  of  tube- 
kftting  surfiEU^  ? 

Answer.  2,122  square  inches.  Heating  surface  =  1,880  square 
fcet 

(12)  The  hydraulic  mean  depth  m  of  a  pipe  or  channel  is  its  cross 
teefcional  area,  divided  by  its  perimeter  touched  by  the  fluid ;  in  the 
cue  of  a  pipe  running  full  of  water,  or  of  a  pipe  in  which  gas  is 
Stwring.  this  is  the  whole  perimeter.  What  is  the  hydraulic  mean 
depth  of  one  of  the  above  tubes  ? 

Answer.  The  area  is  7  x  3^ ;  the  perimeter  is  tt  x  3  ;  ??i  =  J  inch. 

4 

(13)  Find  the  volume  and  weight  of  the  rim  of  a  cast  iron  wheel 
of  square  section,  outside  and  inside  radii  20  feet  and  18  feet  6  inches. 

Answer.  Volume  =  272  cubic  feet.     Weight  =  54*5  tons. 

(14)  When  the  piston  of  (3)  has  passed  through  one-third  of  its 
Btit^e,  what  is  the  volume  behind  it  ? 

Answer.  1*50  cubic  feet. 

(15)  In  the  back  stroke  the  piston  of  (9)  is  one-tenth  of  its  stroke 
km  the  end  when  cushioning  is  taking  place,  what  is  the  volume  ? 

Answer.  0*446  cubic  foot. 
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(16)  In  the  engine  of  (3)  If  the  crank  ahalt  mak«e  SOO  rerolaUoiu  p«r  i 
neglectiug  uigularity  of  the  ooiineatuig  rod,  find  the  Telocit;  of  the 
when  it  has  tnTsUed  over  tbeee  fractioni  of  ita  stroke,  0'2,  0'4,  0*6,  O'S 

Attmer.  19U,  23  S,  238,  19-44  feet  per  leoond. 

(17)  When  the  pirton  of  (3)  hu  travelled  over  0-4  of  iU  stroke,  at  wl 
(onbio  feet  per  eecoDd)  is  itoam  coming  in  throagh  the  port?  (neglect  t 
that  some  stuff  already  in  expanda).  If  the  port  opening  ia  8"  x  }"  wIm 
velocity  through  it  of  the  entering  (team  T 

AiuiBtr.  29-2  oubio  feet  per  aeoond. 

131.  Students  are  supposed  to  know  how  to  find  the  ajtmm 
Tolomci  of  regular  figures,  and  to  find  the  walclito  of  objec 
calculation.  Exercises  will  be  found  in  many  books,  or  thej 
easily  be  manufactured  by  teachers.  It  is  necessary  here,  bo^ 
to  speak  of  the  area  of  iTregular  llgursi.  Thus  to  find  the  « 
Fig.  214.  Every  student  ought  to  practise  the  use  of  the  plani 
in  finding  areas.    Simpson's  rule  will  be  found  in  all  bod 
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mensuration,  but  the  following  simpler  rule  is  so  much  us( 
engineers  that  the  beginner  ought  to  get  well  accustomed  to  it 
Let  any  direction  be  called  the  direction  of  the  length  of  the  i 
— we  shall  take  it  to  be  horizontal.  Draw  two  parallel  lines  Cj 
D  B  touching  the  figure  at  ita  extreme  ends,  and  let  the  distance 
which  is  at  right  angles  to  both,  be  called  the  length  of  the  fi 
Divide  A  B  into  any  convenient  number  of  equal  parts.  Let  vi 
ten  equal  parts.  Draw  a  perpendicular  at  the  middle  of  eacl 
and  measure  EF,  GH,  IJ,  kc,  the  parts  intercepted  by  the  fi 
We  should  call  these  the  ten  equidistant  breadths  of  the  f 
Add  these  together  and  divide  by  ten,  and  we  have  the  vn 
braadth  of  the  figure.  This  average  breadth  multiplied  by  j 
the  area  of  the  figure  approximately. 

Exercise  1.  If  the  ten  equidistant  measured  breadths  arc 
092, 1-16,  1-27, 1-25,  1-27,  1-24,  118,  115,  0-55  inches,  and  i 
length  A  Bib  3*24  inches,  adding  the  breadths  we  have  10'S( 
dividing  by  ten  we  find  1*02  the  average  breadth.     The  ai 
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:  1'02  or  3'SO  square  inchea  Notice  that  it  is  not  well  to  give 
loy  figures  in  an  answer  in  engineering. 

If  the  area  of  a  figure  is  25*06  square  inches  and  its  length  is 
es,  what  is  its  average  breadth  ?  Answer.  2*78  inches. 
In  the  indicator  diagram  shown  in  Fig.  77,  we  take  A^  A^  to 
length.  It  is  2*50  inchea  The  area  of  the  figure  is  found  to 
S  square  inches,  by  means  of  a  planimeter.  Find  the  average 
h.    Answer,  4*56  -t-  2*5  =  1*82  inches. 

The  ten  equidistant  breadths  of  Fig.  77  are  187,  215,  246, 
t30, 1-35, 1-20,  0-92,  085,  074  inches,  what  is  the  average 
h  ?    Answer.  1*63  inches. 

In  the  last  exercise,  if  the  breadth  of  the  diagram  represents 
esBore  of  steam  to  such  a  scale  that  1  inch  represents  40  pounds 
iSBure  per  square  inch,  what  is  the  average  pressure  shown  on 
agram  ?    Answer.  65*2. 

In  Art  32  you  will  find  numbers  which  will  enable  you  to 
any  of  the  hjrpothetical  indicator  diagrams  there  described, 
their  average  pressures  graphically,  and  see  how  nearly  you 
to  the  answers  given  in  page  76. 

The  poll  on  a  tramcar  varies  quite  gradually  in  the  following 
find  the  average  pulL  The  instrument  with  which  the  observer 
ired  the  pull  was  really  a  spring  balance,  which  you  may  call  a 
Qometer  if  you  please.     Its  vibrations  were  damped  by  a  dash- 


« 

P 

i) 

8<^> 

10 

1    750 

13 

j    720 

15 

'    710 

20 

0<J» 

26 

650 

30 

630 

34 

610 

4<» 

<iOO 

4.-) 

540 

51 

5.30 

{yo 

570 

70 

620 

1     K<) 

670 

Ise  it  would  have  been  a  little  difficult  to  read  it.  s  is  the 
08  in  feet,  which  the  car  had  travelled  through  from  a  parti- 
>lace  when  the  reading  of  each  pull  P  (in  pounds)  was  made 
he  average  pull.    If  all  the  readings  were  at  equidistant  points 
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there  would  not  be  any  great  error  in  taking  the  average  of  all  tho 
numbers  P  by  merely  adding  them  up  and  dividing  by  14.  But  the 
distances  a  must  be  plotted  horizontally  (to  scale)  on  a  sheet  of 
paper,  and  ordinates  to  represent  P  must  be  raised  so  as  to  get 
a  curve  which  shows  how  P  varies.  I  have  drawn  a  curve  through 
the  ends  of  the  above  ordinate  and  find  that  the  average  value  of  P 
seems  to  be  about  635  lbs.,  but  of  course  any  such  answer  is  only 
approximately  correct. 

If  a  student  does  the  following  exercise,  and  meditates  a  good  deal  on  his 
answers,  it  will  be  time  well  spent.  In  the  table  on  p.  247  insert  the  time  in  seooods 
at  which  the  tramcar  reached  each  of  the  places  at  which  the  reading  was  taken. 
We  count  time  from  the  first  observation,  the  fourteen  observed  times  were  (lei 
us  suppose),  0,  0-2,  2*5,  3-0,  37, 4l,  48,  6*2,  6-2,  6*5,  7-0, 8*3,  97,  11*2  seconds. 
Now  find  the  time  aTtravt  of  the  force.  That  is,  plot  {P)  and  the  time,  and 
draw  a  curve  and  find  its  average  breadth.     I  find  the  answer  to  be  MO  lbs. 

Now  why  is  the  time  average  different  from  the  tpaee  average  found  above ? 
I  put  this  suggestive  question  here  in  a  note  because  I  do  not  wish  a  ttudon! 
to  think  it  an  essential  part  of  our  elementary  treatment  of  the  steam  engine ; 
but  every  student  of  applied  mechanics  will  find  the  speoolatioii  an  im- 
portant one. 


CHAPTER   XVI. 

ENERGY  ACCOUNT. 

133.  Ik  Chap.  III.  I  assume  that  my  reader  knows  how  to  make 

aJculatiaDS  concerning  the  doing  of  work ;  these  belong  to  the  more 

elementary  subject  of  applied  mechanics.     Average  force  (pounds)  in 

the  direction  of  motion,  multiplied  by  the  distance  (feet)  moved 

ihroogfa,  is  work  done  (foot-poimds).     Many  exercises  ought  to  be 

dealt  with  where  work  is  done  against  and  by  gravity  or  done 

against  friction,  or  done  in  order  that  some  equivalent  energy  may 

be  stored.    Power  is  rate  of  doing  work.     The  power  which  an 

agent  must  exert  in  many  operations  must  be  well  known  through 

many  numerical  calculations.    The  operations  about  which  a  student's 

mind  must  be  stored  with  exact  figures  are: — Traction  or  the  pulling 

of  railway  trains,  tramcars  and  all  sorts  of  c<arriages  on  different  kinds 

of  roads  with  different  kind  of  wheel  tjTes ;  the  power  which  must  be 

exerted  in  the  propulsion  of  ships  of  different  tonnage  and  shape,  at 

different  speeds ;  the  waste  of  power  by  friction  in  such  operations  as 

the  pumping  of  water,  the  creation  of  electric  energy  and  its  transmis- 

sioDand  reconversion  ;  the  power  needed  to  drive  workshop  tools  of 

dl  kinds,  and   the   machines   used   in  all   kinds   of   manufacture. 

English  inanufistcturers  are  now  beginning  to  copy  the  more  sensible 

'»r  scientific  methods  of  their  rivals  in  Germany  and  America,  and 

like  Dorothea  in  the  storj'  they  are  "  learning  what  everything  costs  *' 

^nd  not  only  what  everj'thing  costs  in  money  but  in  money's  worth. 

The  mathematics  of  this  subject  of  energy  is  the  simple  mathematics 

of  the  housekeeper  and  the  butcher  and  the  baker.     There  is  still 

ttiuch  measurement  to  be  done  with  dvnamometers,  but  the  wonder- 

fill    improvements    which    have    been    effected    in    steam   engine 

Quum&cture  in  the  last  twenty  years,  due  aItog<*ther  to  the  good 

(energy)  account  keeping  of  electrical  iKK)ple  who  know  exactly  what 

they  want  and  whether  they  get  what  they  want,  already  enable  us 

(o  my  that  a  beginning  has  been  made.    There  are  at  least  two  firms 
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of  HU*tiui  engine  rnakerB  who  have  given  up  the  slipshod  and  shiftless 
uu'ihiHlfi  of  working  of  the  past ;  and  the  recent  strike  has  done  this 
luiwU  goo<l  that  English  manufacturers  were  forced  to  travel  and  now 
blaMH^  thtMUHclvrK  a  little  for  their  own  shortcomings. 

An  Eiiglihh  cook  specifies  "pinches"  of  salt,  "  handfiils"  of 
flour,  ••mnall  amounts"  of  other  things.  An  English  engineer  was 
ofU'U  niorti  hopt»lt»HHly  vague  and  kept  no  account  of  coal,  steam, 
intlicatod  jiowrr,  actual  power,  power  wasted  in  transmission,  powa" 
givi^n  to  a  machines  Machines  had  to  be  driven  and  the  engineer 
tliHivt^  thfui,  and  his  clit»ht  was  satisfied  because  like  Toddy  he  only 
wanttul  •*  to  si»('  tho  wheels  go  wound." 

As  I  have  said,  the  subject  is  supposed  to  be  dealt  with  under  the 
head  *'  a]tplii'd  nieehanies,"  Nevertheless,  as  I  shall  refer  to  these 
fig\ui»s,  I  havt^  phuHHl  in  the  following  sheets  some  scraps  of  infonna- 
tion  that  1  usnallv  earrv  about  in  mv  head.  The  answen  to  tlit 
fbUowlng  exeroiatt  are  always  in  the  mind  of  a  practical  engineer. 

Again.  1  have  found  it  convenient  to  assume  here  that  a  student 
knows  s^^nu'thing  of  heat  and  other  forms  of  energy ,  the  heat 
r^HjxiiixHl  to  pixnluee  a  jHuind  of  steam,  &c.  although  I  do  not  enter 
ujH^n  the  subjtvt  of  heat  and  stoam  regularly  until  I  get  to  Chdf. 
Will.  1  have  done  this  illogical  KK>king  thing  because  any  course 
that  one  ean  take  in  teaehing  a  subjtvt  must  be  illogical  and  the 
U^l  v\nu>e  is  usually  the  one  that  stvms  most  illogicaL 

Units  of Snergy  ^..<fr  C':inm*:irii.>nt/. 
I  hv*!Sv'-^v»\vor  hour-  1.421  oen::^nido  heat  units ^2.5-58  Fahren- 

I  *.yV  ci.".,':'s  o:"  ^v.iur  ,i:  .t  i>r^^ssT:!>;  •.tidVrtnoe  of  7.5<>  Ibsw  per 
s».[M  i: V   ■ ' •  / ?.  0'. 'I*  V '.  \   17  .•»'>.*  «>.'i.^  !■>. : -IV ■.: ::•  is. 

I  ts\rv\  j:'  lv.i,i,  ..«;::'.  .M.!  uri::  =  I  <>X>  w-i::  h"ar>  =  2.»5.54.'X^^ 
\v:  ■>  ■■.•- -'v  ■ 

I  ,\  ".  ^".i.*-.'  *"..m:  :  '  ■.  '.r  >a':iv  :>.:^  ••.:•  st  snirable  v-il'i-f  ii  ^^' 
.v,\i'  ^v  '  ^  K.^'M  .     ^  •   :  •  xr>  -  I  iL'.>  :•  •  c  ::«  .;nti<.     Sfo  Art.  177. 

I  !r\^"\ ■■ '^■. '.     ^-  i"     *    *:     T->i  ''»♦*-*.«'■:::«*:>. 

!*«^      ^  •   .•;■•'  :      ■.•?.•*  ri'.'.i:    "v  "ii^'h    :<  *:!♦?    lar-'n"  h':i^-'^ 
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Calorific  energy  of  1  lb.  petroleum,  about  17,000,000  foot-pounds. 
Calorific  energy  per  pound  of  town  refuse  actually  obtained  in  a 
destnictor  (after  deducting  the  large  amount  of  energy  wasted  in 
^m-jets) = 900,000  foot-pounds. 

Calorific  energy  of  1  cubic  foot  average  coal  gas  =  530,000  foot- 
poniids. 

Calorific  energy  of  1  cubic  foot  of  Dowson  gas  (1  lb.  of  anthracite 
produces  about  70  cubic  feet)  =  125,000  foot-pounds. 

133.  ElxERCiSES.  Calculate  the  efficiencies  of  the  following 
engines,  using  the  above  figurea  The  power  is  actually  given  out  by 
the  engines. 

Small  engine  with  varying  load  using  20*9  lbs.  of  coal  per  horse- 
power hour.    Answer,  00790. 

Small  steam  engine  using  8  lbs.  of  coal  per  horse-power  hour. 
Auwer.  0206. 

Lenoir  gas  engine  using  105  cubic  feet  of  coal  gas  per  horse- 
jcmer  hour.    Answer.  0356. 

Oil  engine  (varying  load)  using  2*5  lbs.  petroleum  per  horse-power 
W    Answer.  0457. 

Hogon  gas  engine  using  70  cubic  feet  of  coal  gas  per  horse-power 
W.    Answer.  0536. 

Large  good  condensing  steam  engine  using  2  lbs.  of  coal  per 
fcone-power  hour.     Ansicer.  0825. 

Oil  engine  (constant  load)  using  10  lb.  petroleum  per  horse- 
power hour.     Answer.    1165. 

Gas  engine  (using  Dowson  gas)  using  14  lb.  of  coal  per  horse- 
power hour.     Ansicer.    1179. 

Modem  gas  engine  using  26  cubic  feet  of  coal  gas  per  horse- 
power hour.     Ansive)\    1436. 

Modem  gas  engine  using  97  cubic  feet  of  Dowson  gas  per  horse- 
power hour.     Answer,    1633. 

The  Diesel  oil  engine  is  said  to  use  only  0*56  lb.  of  kerosene  per 
«*ke  horse-power  hour.     Answer.    21. 

Exercises. 

Change  into  horse-power   the   rate   of  conversion   of  chemical 
^'teip'  burning  in  the  following  cases  : — 
1  lb.  of  kerosene  per  hour.     Answer.  848. 
1  lb.  of  coal  per  hour.     Answer.  6  06. 
1  cubic  foot  of  cocil  gas  per  hour.     Answer.  0286. 
1  cubic  foot  of  Dowsc^n  gas  per  hour.     Ansxcer.  00631. 


252  THE   STEAM   ENGINE  CHi 
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The  student  will  for  himself  find  information  to  enable  him 
check  or  correct  the  following  figures. 

Roughly,  the  cost  in  pence  of  a  horse-power  hour  in  London 
various  agents  may  be  taken  to  be : — Labourer  carrying  things 
ladders  150;  labourer  lifting  weights  by  rope  and  pulley  100;  labou 
using  winch  or  capstan  50;  horse  in  whin  gin  8 ;  horse  on  a  wagg 
4 ;  electric  power  (at  8d.  per  unit)  6 ;  hydraulic  power  in  London 
18  pence  per  1,000  gallons  700  lbs.  pressure)  2^;  small  gas  engine 
oil  engine  or  good  small  steam-engine  of  about  15  horse-power 
steady  work,  including  cost  of  attendance  1 ;  large  gas  engine  ( 
1  horse-power  for  a  year,  10  hours  a  day  (Sunday  rest)  is  3,130  hor 
power  hours.     At  one  penny  per  horse-power  hour  this  is  about  £ 
per  annum.     The  power  in  a  cotton  factory  costs  about  \d,  per  hon 
power  hour. 

Exercise.  If  a  company  sells  electric  power,  24  hours  a  di 
every  day,  and  charges  £5  per  horse-power  per  annum,  how  much 
this  per  horse-power  hour  ?  Answer,  ^  of  a  penny.  How  much 
it  per  electrical  unit  ?    Afiswer,  01 5  of  a  penny. 

The  following  prices  per  horse-power  hour  are  for  the  fuel  aloi 
where  the  fuel  is  cheap  in  England ;  large  steam  engine  in  stea 
work  013,  gas  engine  using  Dowson  gas  0'08. 

134.  EngiiUM  of  any  size  from  10  to  250  mcunmum  indicated  harm-power. 

Take  /^  as  the  highest  indicated  power,  /  as  any  indicated  power,  t 
usually,  if  ^  is  brake,  or  actual  horse-power  given  out, 

B  =  -95/  -  Jj/„ 

U  K  =  cost  of  engine,  boilers,  fittings,  buildings,  &c.,  in  pounds  sterling 

A'  =  100  +  20/,, 

If  C  =  coal  used  in  pounds  per  hour 

C=  34  +  1-8/. 

Petty  stores  per  annum  (of  3,000  hours)  P  =  2  +  '25/  in  pounds  sterling. 

(1,000  hours)  P  =  1-2  +  -15/. 

Labour  in  pounds  sterling  for  a  year  (of  1,000  hours)  L  =  24  +  "6/. 

(of  3,000  hours)  L  =  40  +  /. 
For  electric  lighting  in  London  at  present  (1898)  the  total  indicated  bor 

power  8upplie<l  is 

50,000  horse-power  from  high  speed  engines. 

21>,<^H)  ,,  low  8pee<l  vertical. 

r).OiH)  ,,  low  8pee<l  horizontaL 

5,(MH)  ,,  special  engines. 

The  teiulenoy  for  the  time  seems  to  1k»  to  return  to  a  low  speed  rert! 
marine  type  of  2.<)00  or  less  power.  The  best  usual  results  from  high  sp 
engines  arc  1  indicated  horse-power  hour  for  16  to  18  lbs.  of  stesm  of  170  Ibt. 
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iqittre  inch  abeolate,  the  electrical  power  being  82  to  86  per  cent,  of  the  indicated 
power.  How  much  steam  do  these  figures  give  per  electrical  unit  ?  Answers. 
»to28lb. 

The  boilers  using  Welsh  coal,  at  |  of  their  full  load,  evaporate  about  8}  Ibe. 
of  water  per  pound  of  coal ;  what  do  the  above  figures  give  in  pounds  of  coal 
per  unit?    Answers,  3*1  to  3*3. 

The  average  of  all  the  daily  load  factors  for  a  year  is  from  10  to  20  per 
oeot.  The  Locui  Factor  means  the  ratio  of  the  average  power  supplied  to  tlie 
maTimnm  powcT.  It  was  Mr.  Crompton  who  first  drew  attention  to  the  great 
importance  of  the  load  factor  on  economy.  One  of  the  companies  whose  average 
diily  load  factor  is  15  per  cent.,  uses  5 '6  lbs.  of  coal  per  unit  generated  through- 
oai  ibe  year.  This  is  the  best  result  yet  obtained ;  this  is  3  lbs.  of  coal  per 
boor  par  average  indicated  horse-power.  What  is  the  ratio  between  electrical 
lad  indicated  horse-power  ?    Answer,  72  per  cent. 

Hie  coat  of  coal  at  that  station  is  found  to  be  ^d,  per  electrical  unit.  How 
■adi  ii  this  per  ton  ?    Answer,  \6s,  Sd, 

The  lowest  coal  bill  for  any  company  using  alternating  current  is  6  lbs.  of 
eoilper  indicated  horse-power  hour.  Wages  in  both  systems  cost  about  fd. 
per  unit. 

I  dwell  at  some  length,  see  Art.  149  particularly,  on  the  effect  of  a  light 
kid  on  an  engine  in  diminishing  its  economy.  In  boilers  the  great  loss  of  economy 
due  to  light  load  on  a  central  station  is  mainly  because  of  the  great  waste  in 
lanking  up  the  fires  and  putting  the  boilers  in  steam  again,  also  because  loss  of 
best  goes  on  all  the  time. 

IM.  As  an  evidence  of  the  progress  of  science  I  venture  to  publish  here  a 
eof^of  one  weekly  report  made  by  the  resident  engineer  (Mr.  O.  B.  Smith)  of  the 
Hove  Electric  Lighting  Co.,  Ltd.  Mr.  Crompton  has  been  kind  enough  to  get 
ne  permission  to  publish  it,  and  he  thinks  with  me  that  it  is  good  for  young 
CDgineers  to  see  how  accounts  are  now  being  kept  at  an  electric  light  station. 
I  We  before  me  a  copy  of  the  daily  log  sheet,  giving  the  measurements  made 
crery  fifteen  minutes  throughout  the  day,  separate  logs  being  kept  for  each 
deptrtment  of  the  station ;  but  I  refrain  from  publishing  this. 
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136.  Five  years  ago  there  was  no  known  case  of  a  central 
electrical  station  burning  less  than  7  lbs.  of  coal  per  hour  per  Board 
of  Trade  electrical  unit  sold  during  the  year,  although  in  particular 
months  the  consumption  was  as  low  as  4  lbs.     Many  stations  burned 
12.    Yet  on  a  steady  best  load  the  engines  and  dynamos  burnt  onlj 
about  2*8  lbs.  of  coal  per  unit  delivered  by  the  station.     The  differ-, 
ence  is  mainly  due  to  variation   of  load  (see  art.  149).    Small 
engines,  whose  maximum  indicated  powers  on  full  load  were  12,  45,   ! 
and  60,  have  been  found  by  trial  to  burn  36,  18,  and  8J  lbs.  of  coal,   ; 
respectively  per  hour  per  indicated  horse-power  in  their  ordinary   i 
small  factory  use  under  altering  loads  in  Birmingham. 

Leaving  out  very  exceptional  tests,  the  most  Ikvourable  retnlts 
in  test  trials  of  steam  per  hour,  per  indicated  horse-power,  may  be  said 
to  be  20  in  non-condensing  and  13J  in  condensing  engines.     Assume    ■ 
9  lbs.  of  steam  per  pound  of  coal  and  we  have  the  most  favourable  coal    ' 
results  per  indicated  hoi-se-power  as  2*2  and  1*5.  ' 

Exercise.  Assume  a  mechanical  efficiency  of  85  per  cent,  in 
condensing  and  of  90  per  cent,  in  non- condensing  engines,  and  calca- 
late  the  figures  usually  supposed  to  be  the  most  favourable  yet  found 
in  ordinary  testing.  Answers.  2*47  and  1*77  lbs.  of  coal  per  brake 
horse-power  hour. 

As  a  matter  of  fact  I  may  say  that  almost  all  our  figarea 
concerning  actual  or  brake  power  are  speculative,  there  are  few 
numbers  to  be  relied  upon.  I  always  feel  doubtful  of  the  accuracy  of 
indicated  power  measurements,  and  very  doubtful  indeed  if  the  speed 
is  higher  than  300  revolutions  per  minute  (see  Art.  47).  In  the 
following  table  of  the  best  results  from  special  trials  of  engines,  N 
means  non-condensing,  C  means  condensing,  1,  2,  or  3  mean  single, 
compound,  or  triple  expansion,  S  means  that  super-heated  steam  was 
used.  J  means  jacketed.  Under  u\  I  give  the  numbers  from  the  table. 
Art.  180,  the  numlx^r  of  pounds  of  saturated  steam  of  the  boiler 
pressure  which  a  perfect  steam  engine  (condensing  or  non-condensing) 
would  use  for  1  horse-power  hour  on  the  Rankine  cycle. 

When  the  pounds  of  coal  are  marked  thus  *,  it  means  that  only 
the  steam  was  meiusured,  and  it  is  assumed  that  1  lb.  of  coal  would    - 
have  produced  0  lbs.  of  steam.     In  most  cases  this  means  10*7 11*    ^ 
fromandat  212  F. 

I  have  not  included  Prof  Ewing  s  results  from  a  Panom'  StaM 
Turbine  of  135  electrical  horse-power;  its  consumption  was  21*2 B* 
of  steam  (sjiy  235  lbs.  of  coal)  per  electrical  horse-power-hour,  which 
corresponds  with  a  reciprocating  engine  using  16  lbs.  of  steam  (off 
1*8  lbs.  of  coal)  per  indicated  horse-power-hour  (see  also  Figs.  56 
and  57.) 
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a  Turbine  is  said  to  have  used  1973  lbs.  of  steam,  and 
of  coal  per  hour,  per  brake  horse-power,  a  truly  wonderful 

Dow  Steam  Turbine,  the  velocity  of  the  circumference  of  its 
ing  9  miles  per  minute  (25,000  revolutions  per  minute)  is 
.ve  used  55  lbs.  of  steam  (at  85  lbs.  per  square  inch)  per  horse- 
ur.  The  steamship  Ohio,  2,100  indicated  horse-power,  is  said 
ised  OQ  her  trial  trip  in  1887,  only  123  lbs.  of  coal  per  indi- 
«e-power  hour.  (See  also  Art.  221.) 
Speciai.  Thialb  of  F.soiMa. 
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CHAP. 


137.  The  non-condensing  trials  of  the  Willaiis  Engine  gave 

the  following  results.  Calculate  the  efficiency  in  every  case,  taking 
as  the  standard  a  perfect  non-condensing  engine,  Rankine  Cycle,  see 
Table  II.,  Art.  180,  using  the  same  kind  of  steam. 


Pounds  of  Steam  per  Indicated  Hobse-powkr  Hour. 


Pronnuro 
(alNM>l\itv). 

1 

Perfect  ntm* 

cundonniiig 

cn^rine. 

lUiikino 

1        cycle. 

M 

Single 
cylinder. 

esAured  results. 

Best  results. 

1 

Povcstigt 
eiBdcBCj 
uf  per- 
fect aos- 

condieaabi 

Compound. 

Triple. 

40 

35-5 

42-5 

42-5 

'      83-5 

70 

22-7 

30-8 



30-8 

73-5 

90 

19-62 

27-7 

,       24-25 

24-25 

80-9 

110 

17-65 

26-0 

220 

— 

22 

8<)l 

140 

15-75 

— . 

20 

20 

78-6 

150 

15-28 

— 

19-5 

19-8 

19-5 

78.3 

160 

14-88 

""" 

19-2 

19-0 

19-0 

78.4 

KxEU<^isE.  A  gooil  locomotive  using  steam  of  160  lbs.  pressure, 
usos  +2  ll>5v  of  st<'ani  jH^r  hour  per  horse-power ;  show  that  its  efficiency 
is  0  854  as  i\>in|>areil  with  a  }>erfect  non-condensing  engine. 

138.  ThtMv  aro  various  ways  of  stating  Engine  Performanoi* 

Ono  hoi>io-|xnvor  hour  is  1.421  Centigrade  heat  units,  or  2,558 
Fahn^uht^it  boat  unites.  It  is  usual  to  rest  content  with  "Tie 
onijino  usos  IS  lbs.  of  stoam  jkt  hour  jkt  indicated  horse-)X)\vor.''  (^ 
'V\w  ot\citu^  n>os  '2  lbs.  of  i\v\l  jvr  hour  jxt  indicated  horso-i^wer/ 
It'tho  sioaiu  i>  UV^  ]b>.  >toam  <lt>4^  CV  and  the  fetnl-water  wits  at 
^.^0  r  \\w  ho;\\  ^\\c\\  to  ]l^.^^uoo  IS  lbs.  of  steam  was  lSx(C)0l).5+ 
:^0.^  \  lis4  -  :^0^.  or  1 1.4.*^T  v.nits.  Taking  S..SOO  units  of  heat  a.sde- 
\olo|\»h;*    |v  V  ]\';ui*;  .t'tho  i^v*'.  \vr  havi*  the  following  more  correct 

1  l.r,^r.;.»  ,»;;,;  K  ..iv  *2  lbs  .fiVvj^":  ]Hr  indicateii  horse-jKnver  hour, 
oi  1 1 M  1 V ^  ' , ,  -. , :  r. . . . :  V  .  i "  .  yn  r  : i"! .i ; ."a : iti  horsi'- jx^wer  hour,  or  27" 
:;v..,v  ^i  ■^  \v  — ..  -.v.  .;.  >, :  >.  :>v.-.v..  \* .  r.    An  ftficit-ncv  of  1.421  -J- 10.000, 

v:, ;-,-.,  xkt  :n-.iii%'iU'd  hcn-se-powt-r  hour. or 
•:  .•  \  ' . .  »rs; -]K .  wi  r  hour,  or  lin  units  (C) 
\    .  r^.  ;r:i/v  vt  1,421  -^  11,457.  orOl24. 


,iv 


•v.       .».    \* 


•.  V  ■ 


I  \ 


i 


; :.:     i-r.onr.    working    between  ik* 
•^\      C.     -wi'uld    have    an    efficiency 

.    :    ,:v.m    has    124  ~    ^^    or  «•« 
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fer  cent,  of  the  efficiency  of  the  perfect  heat  engine,  using  the  same 
tenijieratares. 

IV.  Engine.  An  engine  using  the  Rankine  Cycle  (see  Art.  214) 
l^tween  1U4'  C.  and  20**  C.  would  consume  7*6  lbs.  of  steam  per 
kor^-power  hour.  The  efficiency  ratio  of  our  engine  is  7*6  -r  18, 
yr  042. 

V.  The  above  engine  had  a  surface  condenser,  supplied  with 
918  lbs.  of  water  per  hour  per  indicated  horse-power ;  this  water 
Altered  at  15**  C.  and  left  at  25''  C. ;  the  condensed  water  left  at 
■W  C,  or  20*  above  that  of  the  feed  ;  therefore  the  heat  rejected  per 
Wr  per  indicated  horse-power  was — 

918  X  10  =  9180  by  condensing  water, 

18  X  20  =    360  bv  condensed  water. 

The  heat  utilised  is  1421. 

&>ihat  we  can  account  for  the  amount  10,961.  Now  the  heat  supplied, 
IS  we  saw  in  II.,  was  11,457,  and  there  is  496,  or  43  per  cent.,  to  be 
accounted  for  by  radiation  and  leakage. 

It  is  verj'  usual  to  merely  measure  the  heat  going  off  by  the  con- 
densing water  and  to  call  it  the  whole  rejected  heat,  and  as  we  have 
1421  utilised  we  may  say — 

Efficiency  =  j^2j^-j,jyQ=l:}4. 
A  more  correct  plan  is  to  take  in  the  3()0  also,  and  siiy — 

Efficiency  =  j^^^  ^  ,„-,  ^  :{(;()  =  "!-'*• 

This  is  all  that  can  be  dont^  if  wt'  niilv  iiH-asurc*  bv  the  coiid^'usor 
^t^-r.  unless  we  estimate  the  heat  lost  bv  radiation  to  bo,  sav,  o  iH»r 
^nt.  of  what  we  measure  from  tho  cniidi'iistT :  this  would  givr  us 
'0.017  w.'Lsted  altogether,  so  that  thr  crloscr  cstiiuatf  w<nil<l  b( — 

1421 

Erticiency  =  rTTi~^ — r7T7.7~-  =  01 24,  or  12-4  ixr  r»iit. 
•^        1421  -h  1001 1  * 

It  will  be  observetl  that  if  wt-  <*ak-ulat»*  i'n»ni  tht*  ft'fd-watcr  or 
v*.-aui  supplied,  there  is  a  «loubt  as  to  tht*  wt-tnoss  of  the  sttaiu  ;  and 
If  we  calculate  from  the  condcnsrr,  theiv  is  <loubtas  to  the  amount  of 
'adiation  an<l  leakage. 

It  in  quite  a  usual  thing  to  ^ay  :  lit  h  be  the   Fahrenheit  heat 

s  2 
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units  gained  by  the  condensing  water  per  minute   per  indicated 

horse-power,  then  the  efficiency  = ,      ^  j  , « 
*  A  +  42-63. 

A  very  perceptible  saving  is  effected  when  the  feed-water  of  a 
main  engine  is  heated  up  to  near  the  boiler  tempeniture  by  the 
exhaust  steam  of  auxiliary  engines,  such  as  are  often  used  now  to 
work  air  and  feed  and  circulating  pumps. 

We  cannot  see  our  way  to  nmch  improvement  in  the  non-con- 
densing steam  engine  ;  the  perfonnance  often  approaches  90  i»er  cent, 
of  what  is  theoretically  possible,  as  may  be  seen  in  the  table,  Art.  136. 
This  is  by  no  me^ns  the  case  in  condensing  engines,  but  it  does  not 
seem  practicable  to  expand  steam  to  the  low  pressures  which  mij^t 
give  better  results.  There  is  a  chance  for  a  binary  Tapoiir  engine; 
using  steam  at  the  higher  tem))eratures  and  petroleum  or  ether  for 
the  lower  temi)eratures.  (See  also  the  note  Art.  214.)  Cutting  off 
the  toe  of  the  diagram  as  Mr.  Willans  called  it,  that  is,  releasing  st«am 
at  a  much  higher  pressure  than  the  exhaust  pressure,  is  a  serious  loas 
to  put  up  with ;  but  a  good  practical  remedy  is  not  yet  kno^n  to  us. 

139.  We  may  with  a  fair  amount  of  accuracy  say  that  a  largt 
gas  engine  buniing  Dowson  giis  uses  at  full  load  85  cubic  feet  per 
effective  horse-power  hour.  If  the  anthracite  costs  25s.  per  ton,  and 
we  charge  15  per  cent.  i)er  annum  for  interest  and  depreciation  on 
total  cost  (we  mav  take  the  total  cost  to  be  the  same  as  that  of  a 
steam  engine,  boiler,  &c.,  of  the  same  power),  then  we  find  cost  per 
hour  in  pence  =  5i  +  '45  I. 

Since  1877  there  htis  been  a  sale  of  81,000  Otto  engines  in  Eng- 
land and  1(),000  in  Germany,  with  a  total  brake  power  of  508,000 
horses.  The;  consumption  of  coal-gas  used  to  be  about  30  cubic  ft»et  of 
gas  per  hour  per  bnike  horse-power  ;  now  in  a  sj^ecial  trial  it  has  been 
found  to  bi'  as  low  as  14.  There  is  much  more  improvement  possible. 
Then:  are  now  single-cylinder  engines  of  140  and  double-cylinder 
engines  of  220  horsf-power.  Even  now,  however,  power  from  a  20-horpe 
engine  workrd  by  coal-gas  costs  more  than  from  a  st^^m  engine.  In 
soiiu'  eU'ctric-light  statit)ns  working  arc  and  incandescent  lights  the 
total  exjK'uditure  in  coal  and  coke  in  producing  Dowson  gas  was  only 
Ji  lbs.  )K'r  electrical  unit  for  the  first  half  of  the  year  1897.  In  a  special 
test  of  two  engines  at  Lryton  during  5  houi*s,  October,  1897,  the  follow- 
ing results  were  obtained  :  ( )utput,  81!)  eh^ctrical  unit>s  ;  anthracite  per 
hour  per  indicatt'd  hoi*si»-power,  0*840  lb. ;  per  brake  horse-power, 
0!)7/>ll). ;  per  electricnl  horse-power,  1152  lb.;  per  electrical  unit. 
l-54:i  lb. :  coke  per  electrical  unit,  0*225  lb.  Total  fuel  per  unit, 
1*708  lb.     I  find   that  at   Leyton   the  average  total  fuel  per  unit 
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enerated  from  January  to  October  of  1897  was  2*55  lbs.  I  do  not 
»rtw  the  load  fiu^tor  at  Leyton,  and  therefore  cannot  compare  this 
erage  with  the  5*6  lbs.  of  coal  per  unit,  which  is  the  best  yet 
fiieved  with  steam  engines  having  a  load  factor  of  15  per  cent. 
steady  running  on  full  load  there  is  no  doubt  that  the  gas  engine 
\ng  Dowson  gai  is  already  consuming  not  much  more  than  half 
r  coal  per  brake  horse-power  that  is  consumed  in  the  largest  and 
ft  steam  engines,  and  that  the  cost  of  repairs  and  attendance  is 
7  much  less  than  with  steam  engines. 

140.  The  usually  accepted  figure  for  the  result  of  burning  1  lb. 
town  reftaae  in  the  production  of  steam  is  1  lb.  of  steam  (nett, 
er  deducting  the  steam  used  in  the  furnace)  at  140  lbs.  per 
lare  inch  produced  from  feed-water,  at  60^  F.  If  an  engine  at 
1  load  uses  23  lbs.  of  this  steam  per  electrical  unit  (1,000  watt 
ars).  If  a  cell  bums  0*25  tons  of  refuse  per  hour  for  24  hours  a 
?  at  a  cost  of  13J  pence  per  ton  (the  labour  part  of  this  coat  is 
rf.  per  ton)  including  everything,  what  is  the  cost  of  steam  per 
ictrical  unit,  and  what  is  the  number  of  units  produced  per  cell  in 
(hours?     Ansicers.  0136  pence:  584  units. 

There  are  several  places  in  the  British  Islands  where  the  fee 
mple  of  water-power  of  about  600  total  horse-power  with  the 
icessaiy  land  may  be  bought  for  £6,000.  The  cost  of  utilising  this 
wer  with  turbines  and  dyn.amos,  giving  out  usefully  70  per  cont. 
it,  would  be  £5,000.  Taking  10  ]H*r  cent,  of  the  total  cost  to 
present  wages,  repairs,  ratos  and  taxes,  dt.'pri*ciation,  and  interest, 
bat  is  the  yc^arly  profit  if  one  halfpenny  ])er  electric  unit  is  paid, 
e  load  being  full  for  24  h«mi*s  a  day  fur  .SI 8  days  in  the 
ar^ 

10  per  cent,  of  £11,000  is  £1,100  per  year,  the  power  given  out 
ing  70  per  cent,  of  GOO,  or  420  horse-p*>wer.  One  hoi*se-power  is 
€    watts,    and      1,000    watts    for     1     hour     is    called     a    unit. 

746 

^  X  ;--  X  24  X    313   =  2353  x   10''  electrical  units  iior  vear. 
1000  ' 

viding  these  halfpence  by  4S()  we   find  £4,902  ptT  annum  to  he 

id  for  the  energy,  and  so  the  profit  is  £3,H()2  per  aimuni. 

141.  The  student  will  work  exercises  on  traction  such  as  he 
1  find  in  a  book  on  Applied  .Mechanics.  The  following  figures 
iv  be  reniembiTed. 

The  resistance  in  )M)\ui(is  per  ton  of  a  moving  train  (in(*luding 
fine)  on  the  level  is  found  roughly  by  adding  two  to  one  quarter 
the  speed  in  miles  jier  hour.  This  is  for  speeds  greater  than 
milefi  per  hour.     At  less  speeils  there  is  a  different  law  which  for 
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some  trains  and  permanent  ways  may  be  indicated  by  the  following 
figures : — 


Speed  in  miles  per  hour     .    .    .  '      0 


li  2,5  10 


Resistance  in  pounds  per  ton    . 


20    '     10 


5 


A  curved  line  adds  12  per  cent,  to  the  resistance  on  the  average 
Ehglish  railway. 

In  the  best  locomotives  on  special  trials  the  best  performances  are 
25  to  30  lbs.  of  steam  (pressure  165  lbs.  per  square  inch)  per  hour  per 
indicated  horse-power.  In  ordinar}'  use  the  consumption  is  over  40  Ibe. 

Exercise.  The  average  resistance  of  an  ezpreM  train  on  an 
English  railway,  as  measured  on  the  draw-bar  between  engine  and 
train,  is,  say,  18  lbs.  per  ton  at  45  miles  per  hour ;  the  weight  of  the 
train  (not  including  the  engine)  is  180  tons,  what  is  the  actual 
power  ? 

Aiisiver.  389  horse-power. 

It  has  been  found  that  in  such  a  case  the  power  actually  exerted 
on  the  train  is  only  45  per  cent,  (in  short  express  trains  it  is  about 
40  per  cent.,  in  slow  goods  trains  as  much  as  75  per  cent.)  of  the 
indicated  power  of  the  engine :  what  is  the  indicated  power  ? 

Ansurr,  804. 

The  consumption  of  steam  is  40  lbs.  per  hour  per  indicated  horse- 
power. How  much  feed-water  must  be  provided  for  one-hours  run, 
neglecting  leakage  ? 

Answer.  15*4  tons. 

If  each  jx)und  of  coal  evaporates  8  A  lbs.  of  water,  what  weight  of 
coal  is  used  jxir  hour  ? 

Aiistver,  1*8  tons. 

An  American  train  is  usually  only  two-thirds  of  the  length  of  an 
English  train  for  the  same  weight.  For  the  same  speeds  the  draw- 
bar force  of  tmctiou  of  the  English  train  being  (in  certain  experi- 
ments) ()  lbs.  j)er  t<m  was  only  3i  lbs.  per  ton  on  the  American,  and 
yet  the  American  road  was  not  s<>  gooil.  The  superiority  was  due  to 
the  construction  of  the  American  cai*s. 

Wherever  roller  bearings  have  In'i'n  tried  they  have  greatly 
reduced  the  friction;  the  starting  ]>ull  on  a  railway  vehicle  is  some- 
times as  low  jis  3  lbs.  per  ton. 

There  seems  to  be  no  electrical  accumulator  which  can  be 
relied  uiH>n  to  discharge  more  than  7  watt-hours  per  pound  of  its  total 
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eight,  during  a  5  hours'  discharge.  It  is  seldom  that  one  finds  a 
iiblished  statement  on  this  subject  which  can  be  relied  upon.  In 
jeculative  calculation  it  is  better  to  take  only  5  watt-hours,  or  15 
orse-power  hours  per  ton,  the  average  rate  of  discharge  being  3  horse- 
ower  per  ton.  But  in  tramcar  work  the  discharge  is  sometimes 
hree  times  this  rate,  and  I  shall  take  9  horse-power  per  ton  for 
f  hours. 

A  tramcar  when  supplied  with  electrical  power  by  trolley  wire 
►r  by  accumulators  receives  just  abou^  twice  as  much  electrical 
lower  as  the  mechanical  power  actually  utilised  in  propulsion.  That 
B,  the  average  power  received  may  be  calculated  on  an  average 
inctive  force  of  60  lbs.  per  ton  (at  8  to  10  miles  per  hour),  instead  of 
^  30  lbs.  per  ton,  which  it  probably  is  on  the  average.  It  is  not 
mie  to  take  a  better  figure  than  this  for  the  efficiency  when  one 
xnsiders  any  new  project.  It  is  to  be  understood  that  this  tractive 
hoe  i&  not  what  would  be  measured  in  a  trial  at  uniform  speed.  It 
li  proportional  to  the  average  power  divided  by  the  average  speed. 
Tlte  average  power  is  greatly  increased  by  stopping  and  starting, 
kinetic  energy  being  created  to  be  soon  destroyed. 

Exercise.  A  car  to  take  52  passengers  worked  by  accumulators 
weighs  ^^-ith  its  electro-motor  and  gearing  and  fittings  7  tons  empty, 
10  tons  fully  loaded.  Taking  the  tractive  force  to  be  30  lbs.  per  ton 
i^t  10  miles  per  hour ;  taking  the  electrical  power  to  be  twice  the 
Bttefal,  what  is  the  weight  of  the  accumulators  ?  What  is  the 
riectrical  power  ?  What  would  it  be  if  it  were  supplied  by  a  trolley 
wire  ?    Take  the  discharge  as  9  horse-power  per  ton. 

Let  X  tons  be  the  weight  of  accumulators.     The  tractive  force  is 

MA      N  .^        J  .,.       ,    .  •    1  .   (10  +  x)  60  X  10  X  5280 

I10  +  a;)30,  and  the   electncal  power  is  -  qqqoo  x  TO 

<>r  1-6(10  +  x).  But  it  is  9  horse-power  jior  ton  of  accumulators,  or 
ftp,8o  that  9a;  =  1*6  (10  +  x)  or  u.'  =  216  tons.  We  need  216  tons  of 
■accumulators  discharging  at  the mte  of  195  electrical  horse-power.  If 
■'ipplied  by  a  trolley  wire  only,  16  electrical  horse-power  is  wanted. 
In  &ct.  ^i^ith  accumulators,  if  W  is  the  weight  of  the  loaded  car  in 
^x=  0*216  W,  and  the  electrical  power  is  1*95  W,  whereas  by 
Mloy  wire  the  power  is  16  fT. 

The  tractive  force  on  a  tramcar  was  measured  as  30o  lbs.  per 
<>tl.  A  similar  car  with  roller  bearings  on  the  same  road  needed 
■5  lbs.  per  ton.  The  starting  force  for  a  tramcar  is  diminished  by 
'^  to  60  per  cent,  by  the  use  of  roller  bearings,  and  the  general 
^^g  may  be  put  down  as  30  per  cent. 

The  tractive  force  of  a  bicycle  or  any  vehicle  with  inflated  tyres 
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on  a  concrete  road  seems  to  be  30  lbs.  per  ton  at  6  miles  per  hour 
about  40  on  wood  pavement,  and  40  to  60  lbs.  per  ton  at  12  miles 
per  hour  on  a  good  macadamised  road,  slightly  wet ;  in  heavy  mud 
at  5  miles  per  hour,  as  much  as  146  lbs.  per  ton  has  been  registered. 

These  were  towing  forces;  in  self-propulsion  it  is  understood  that 
the  resistances  are  considerably  greater.  The  resistance  per  ton  of  a 
locomotive  is  considerably  greater  than  that  of  the  train.  Specula- 
tive calculations  ought  to  be  based  on  the  highest  figures.  The 
towing  tractive  force  for  iron-tyred  passenger  carriages  on  London* 
roads  when  muddy  seems  to  vary  from  22  lbs.  per  ton  (asphalte),  30  to 
40  lbs.  per  ton  (wood),  50  to  60  lbs.  per  ton  macadam,  to  perhaps  as 
much  as  80  lbs.  per  ton  on  macadam  new.  A  committee  of  the 
Society  of  Arts  some  time  ago  found  101  lbs.  per  ton  on  ordinary 
macadam,  and  44*5  on  macadam  gravelled. 

Exercise.  It  is  found  that  the  accumulators  of  the  eleotric  cabs 
(with  pneumatic  t}Tes)  in  London  give  out  at  the  rate  of  3  horse- 
power on  smooth  wooden  roads,  when  going  at  7  miles  per  hour,  and 
5  horse-power  on  macadamised  roads ;  this  is  the  average  power 
up  and  down  the  London  street  gradients.  Take  4  horse-power  as 
the  average.  What  is  the  average  actual  tractive  force  if  only  half 
the  electrical  power  is  utilised  ? 

Anmver,  107  lbs. 

I  do  not  know  the  actual  weight  of  the  cab,  but  take  it  that  the 
cab  and  motor  and  gearing  and  fittings  weigh  22  cwt.,  and  that  the 
accumulators  gave  out  5  watt  hours  per  pound  on  a  5  hours*  run. 
What  is  th(»  total  weight  of  the  cab,  and  what  is  the  average  tractive 
force  per  ton  ? 

Answer.  4  X  5  X  746  -^  5,  or  2,984  lbs.  of  accumulators,  and 
2,464  lbs.  of  vehicle,  or  2433  tons.  The  average  actual  tractive  force 
is  44  lbs.  per  ton. 

On  the  City  of  London  Electric  Railway,  the  weight  of  a  train 
and  locomotive  and  pass(?ngers  being  36  tons,  5*4  electrical  units 
were  supplied  in  a  journey  of  5,550  yanls,  taking  15  minutes  (includ- 
ing stopping).  Check  the  following  figures.  Assume  useful  tractive 
}X)\ver  to  be  half  the  electrical ;  speed,  12*6  miles  per  hour;  we  find 
0047  electrical  units  per  ton  mile;  tractive  force,  12*0  lbs.  per  ton. 

On  the  Montreal  tramways,  at  an  average  speed  of  7^  miles  per 
hour  (total  load  about  10  tons),  0*26  electrical  units  are  used  per  ton 
mile.  Assume  the  useful  tnietive  power  to  be  half  the  electrical, 
and  find  the  average  tractive  force.     Answer,  76  lbs.  per  ton. 

It  will  be  seen  that  this  Montreal  figure  is  much  greater  than 
the  figure  taken  by  mt»  as  more  usual ;  but  it  is  a  figure  taken  often 
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by  some  of  the  most  experienced  of  my  friends,  and  we  have  so  much 
inexact  knowledge,  that  it  is  quite  possible  for  this  to  be  a  better 
guide  than  the  other. 

143.  Ship  Propuliion.  Up  to  the  highest  speeds  of  commer- 
cial ships  we  may  assume  without  great  error  that,  for  vessels  not 
dissimilar  in  form  and  character,  and  going  at  the  usual  speeds,  the 
indicated  horse-power  is  /  =  Ifi^  -h  a,  when  1)  is  the  displacement 
in  tons,  and  r  is  the  speed  in  knots,  and  a  is  constant,  which  for 
many  classes  of  vessel  may  be  taken  as  not  very  different  from  240. 

Exercise  1.  If  a  vessel  of  1,720  tons  moves  at  10  knots  when  its 
indicated  horse-power  is  655,  what  is  the  value  of  a  in  such  a  class  of 
vesBel?    Answer,  219. 

A  vessel  of  the  same  class  of  2,300  tons  moves  at  15  knots,  what 
L<ihe  power?    Ansicer,  2,680. 

Exercise  2.  Taking  a  as  240,  a  vessel  of  6,000  tons  going  at 
22  knots ,  what  coal  will  it  consume  in  a  passage  of  3,000  nautical 
miles,  neglecting  the  effect  of  its  lightening,  if  it  uses  2  lbs.  of  coal  per 
hour  per  indicated  horse-power  ? 

Answer.  If  an  engine  uses  c  lb.  of  coal  ]ior  hour  per  indicated 
b*)rse-power,  the  whole  weight  of  coal  consumed  on  a  p\ssage  of  8 

c 
nautical  miles,  is  -  slfi  v-  pounds.     In  this  case  it  is  1,784  tons. 

a 

Exercise  3.  For  students  after  thev  read  Art.  15G.  For  a  marine 
^-ngine  we  have  the  rough  and  ready  rule,  "  The  speed  v  is  propor- 
ti'»Dal  to  the  wjuare  root  of  the  absolutt*  boiler  pressure  and  the 
amount  of  admission  of  steam."  Show  that  if  p,^  be  taken  .as  1 1  per 
'vnt.  of  the  l)oiler  pressure  -p^,  the  rough  and  ready  rule  is  fairly  true. 

Exercise  4.  Two  boats  of  the  same  shape  were  driven,  one  by 
j*t  propulsion,  the  other  by  twin  screws.  The  following  result^s  were 
•>«>Uined : — 

Jft,  120  knots,  with  107  I.H.P. :  screw,  173  knots,  170  I.H.P. 
l*«>mpare  the  efficiencies,  if  th<*  displacements  were  as  100  to  05. 
Ansic^n     As  051  to  1. 

Exercise  5.  During  eleven  sea  voyages  tin*  average  iigun\s  for 
R.1I.S.S.  Britannic  (450  feet  lung)  were  : — 

D  =  8,500  tons,  speed  15  knots,  4,1M)()  indirated  hoi-se-power  ;  .show 
that  a  =  287. 

Exercise  G.  H.M.S.  IrU  has  I)  =  3.290,  speed  18(>  knots. 
/=  7.714;  .show  that  a  =  1S4. 

A  torpedo  botit  iJ  =  2J>-73  tons,  speed  22  knots,  /  =  460 ;  show 
that  a  =  222. 

Exercise  7.  A  ship  who.se  displacement  at  starting  is  G.OOO  tons. 
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uses  5  tons  of  coal  per  hour,  producing  1  indicated  horse-power  fv 
an  amount  of  coal  per  hour  which  gitidually  increases  and  may  b 

expressed  as  c  =  2  +  ^^r^r.     The  value  of  a  diminishes  according  U 

the  law  a  =  240  —  £  ^  where  t  is  the  time  in  hours  from  starting. 

How  far  has  she  gone,  and  at  what  speed  is  she  going  when  her 
displacement  is  4,000  tons  ?  As  5^^  =  6,000  -  4,000,  /^  =  400  hours, 
where  t^  is  the  total  time  taken. 


( 


As  11,200  =  ^  +-^^-^6,000  -  50M 


1,200 -A* 


)  (6,000  -  50"^  .     Calculating  r  for  many 


V  =  1309  X  .^ 

values  of  t,  and  using  squared  paper,  it  is  easy  to  integrate  it.     I  find 
the  required  v  =  13*64,  distance  5,850  nautical  miles.      * 

In  addition  it  is  worth  while  giving  some  fairly  accurate  resulU 
for  large  steam  ships. 

Dimensions  of  Typical  British  and  German  Atlantic  Liners. 


Ww^.«      Katlo       length    Dijiplacc.      Indl-       Spwd 
dkulan*    ^"^>«'*»"-    depth.        Tons.       power.      tiUl. 


Britannic  (1874) 455 

Alaskii  {\^H\) 500 

Umbria  (1884) 50(» 

Latin  (1887) '448 

Pari*  (1888) 527*6 

AwjuHta-Victoria  {\^^) 460 

Teutonic  {\W^)) 56.5 

Havel  (1890) ,  4«3 

/V/r/»^/yMwarrX•(1891)     .    .        .    .|  502-6 

CamjHiuia  (1893) 600 

A'rtiWr  Wiihthn  tier  (iroHne  (1898).  625 

New  Hamhurq  A  merican  liner(  1 899)  662  '9 

Ofea«iV(1899) 685 


10111 

10 

8-772 
9174 
8-373 
8-288 
9-826 
9 

8-777 
9-231 
9  44i 
9-vS9 

10 


12-640 

12-607 

12-500 

12-274 

12-910 

1 1  -795 

13-425 

12-346 

13-224 

14-457 

14-544 

15-06 

14 


8,500 

10,500 

7,700 

13,000 

9.500 

12,000 

9,195 

10.200 

17.000 

20,000 

23,000 

25,000 


5,500 
10,500 
14,321 

8.900 
20,600 
12,500 
13,680 
11,501» 
14,000 
30,000 
27,000 
33.000 
25,000 


16 

18 

20-18 

17-8 

21-8 

19-5 

19i:i 

19-5 

20 

22 

22i? 

23! 


ExEiiciSE  8.  The  engines  of  a  ship  when  running  steadily  at 
lower  power  are  regulated  rather  by  the  lowering  of  the  boiler  pressu 
than  by  keeping  the  links  permanently  shifted  and  are  found  to  u 
21 3  tons  of  coal  per  hour  when  the  ship  goes  at  15  knots  and  1] 
tons  when  the  ship  goes  at  10  knots;  what  coal  does  she  use  at  ] 
knots  (  As  power  is  proportional  to  i*^,  if  C  is  the  weight  of  co 
burnt  per  hour,  we  know  that  C  is  a  linear  function  of  /  (tl 
Willans  rule.  Art.  148),  and  therefore 

where  a  and  /8  are  constants  and  v  is  the  speed  in  knots.    - 
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Applnng  the  above  figures  we  find  C=0*78-f  *0004t'^.     Hence  at 
12  knots  C=  1-471  tons  per  hour. 

Exercise  9.   The  above  ship  is  to  make  a  passage  wHth  the 
pwiiest  economy  possible ;  what  is  the  best  speed  ? 

If  s  is  the  passage  in  miles,  the  time  taken  is  ^  and  the  total  coal 

V 

•  0*78 

Mwumed  is  C-,  so  that  it  is  proportional  to  —    +  0004^2. 

0*78 

This  is  a  minimum  when 5 h'0008r  =  0,  or  t'3  =  975  or  about 

10  knots. 

Exercise  10.  If  economy  of  coal  is  not  all-important;  suppose 
that  the  loss  of  every  hour  is  valued  at  the  worth  of  0*6  ton  of  coal, 
what  is  the  best  speed  ? 

The  total  loss  per  hour  is  now  to  be  taken  as  represented  in  tons 
of  coal.  0-6 +0-78+ 0004  ^,  or  1  38 +0004  i-^. 

The  total  loss  in  the  voyage  is  proportional  to 

1*38 
-  +*0004i*2. 

V 

And  this  is  a  minimum  when  t"^  =  1725,  or  r  almost  exactly  12  knots 
It  is  worth  while  trying  what  the  number  representing  the  total 
lo»  in  the  voyage  amounts  to  at  other  speed^s,  and  I  show  it  in  the 
uble.  We  see  that  to  use  a  slightly  different  speed  than  the  best  is 
»»t  ven-  harmful. 


Number  proportioiuil  XiiinWr  ]»r«t)Mirti<>ii:il 

r  knotn.  to  total  lom  in  /-  knot».  tn  total  htHt*  in 


10  -178  VA  174 

11  -174  14  177 

12  173 


E.\ERCISE  11.  If  a  is  240,  find  the  sj)oeds  of  ships  of  from  1,000  U> 
10,000  tons  when  their  displacements  in  tons  are  numerically  equal  to 
heir  horse-power.     Write  your  answers  in  a  table  for  easy  rcfereiKM*. 

Fc»r  auxiliary  engines  the  consumption  of  coal  is  about  10  tons 
"trdav  in  first  cla.ss  line-of-battle  ships  and  8  to  3i  tons  in  cruisei-s. 

143.^  The  reiittance  to  the  motion  of  a  ihlpis  considered 
i  bp  rniide  up  of  two  parts.  1.  The  fkln  Ariction  in  pounds 
^/A  P",  where  V  is  the  speed  in  knots,  n  is  1  *83  for  varnished 
r  [jainted  wooden  nuxlels  or  clean  iron  ships,  A  is  the  wetted  area 
I  M'juare  feet,  /is  '000  for  ships  of  over  200  feet  long,  and  '012, 
106.  -0096  for  ship  lengths  of  8,  20  and  50  feet.     At  speeds  of  (> 

'  Jtnme  nnniben  valualile  to  Ktudentu  will  be  found  in  Sir  Win.  Whitens  British 
■oriftcion  AddrcM,  1H99. 
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to  8  knots  in  ordinary  vessels  this  skin  resistance  is  about  80  or  90 
per  cent,  of  the  whole  ;  at  high  speeds  it  is  about  half  the  whole, 

2.  A  reilduary  reiistaiice  due  to  the  fact  that  eddiei  (the 
smaller  part)  and  wavei  are  produced.  Elddy  resistance  is  thought 
not  to  be  more  than  8  per  cent,  of  the  skin  resistance  even  at  high 
speeds.  It  is  mainly  caused  by  bluntness  of  the  stem  of  a  vessel 
In  two  perfectly  similar  ships,  similarly  loaded,  of  lengths  /  and  Z,at 

speeds  v  and  v  s/L/l,  which  are  said  to  be  the  coi^responding  speeds,  the 
residuary  resistances  are  proportional  to  1^  and  L^, 

The  skin  resistances  8^  and  s^  of  the  ship  and  its  model  can  be 
calculated  from  Fronde  s  numbers  given  above.  Hence  if  iJ  is  the 
resistance  in  pounds  of  a  ship  L  feet  long,  A  its  wetted  area  in 
square  foot,  V  its  speed  in  knots,  and  if  r  and  I  are  the  resistance 
and  length  of  a  model  which  is  exactly  similar  and  of  sdiuihr 
draught   when   the.  model  is  drawn  at  the  corresponding  speed* 

knots,  whoro  I':  r::  \,^L:  s/T,  prove  that  it  follows  from  the  above 
that 

l^^Y^r-  OOOdA  V     jl  '2(yA       - 1  j 

if  tho  ship  is  more  than  150  feet  long  and  the  model  is  from  8  t«)30 
foot  louij.  Instoad  *>f  1*2,  which  suits  a  model  of  20  feet  long,  we 
n»ally  o\\^\\x  to  uso  l'.S8  if  tho  model  is  8  foot  long  and  1*11  if  the 
iiuhIoI  is  ;U>  ti'ot  lonir. 

A'../  ..i'.\.      Iv  foiv    buiMiiii^^   a    vessel    400    foot   long   of  wtfttdi 

**urt;»»^^  :2<i.(HH>  Mjiiart'   trrt,  wr   wish    to  know  7?.  its  resistance,  at 

i'      1-  knotv.      A  iibnlrl  i-i  niado  tm  toot  long,  it  is  drawn  at  a  speed 

ol    PJ  :  ^  M>  or  1  ?»  kn«M>N  in  \\\v  rank,  and  its  rosistanco  /•  is  foundto 

W  0!»  11.      W,^  liiul  /;  to  1h'  M^'rlO  lbs. 

Pi.^No  iha:  ;V  in  i^^nmis  \  Tin  knots  -h  807  =  utilised  horse- 
powiM  In  :lr.>  i\\sr  \\r  r.ml  L.3.'>0  horse-powor.  The  iudicatM 
po\\r<  >m1i  |M\»i\;M\  iv   v.'.'iv  than  oXKH). 

Tho  \;»^;iu  r.i  v>s  ,^t  ,--  kr.r«\>;itic<^-  as  lo  the  probable  loss  of  jK>wer 
N\  h^tion  ni;)k,  >^ /.y.\  a::io  .1.:  :-.  oaloulato  ii  for  the  above  purpose 
yA\\u\  r.'M  ;,  vv  .K..i  ::.,  ^t:;*r  ::>«  ..t  ihv  tank  would  thorofoa^  steiu 
:»*  ;•..    \\\  lu 'l^.:;^;  :,^  '.'...iv,\,  r,  u\7":ion]ar  class  of  vessel. 

r)\,  t,^\,\x.;^v,  i::\  \:  Simplification  has  rocontiv  boon  tried  i\v 
Colonel KuiittAh  ^  .;  \v.v,  .,r  <  \>::r.i:\os<oltoboruuat various siH?eJ'^ 
""*  '•■  ■••"-  '  -•  '  ' "^^  :\Nv,-  V  :v-.i.  XoA\  assume  that  the  efl'ective 
'*"'  '  l^»..  t  >  x>  V  r  XX  :v  ::.j  s\nu-  fraction  of  the  indicated, 
''"'  '^^    • '^*     ...    is  .    .\>::r.^  ^hiji — Siiy  one-half     Find  the 

»'*'^»" «  »'*-  -<  '■^'  '\--  ■>.  ^"  V  -'  •'■•^  >lvoil  }\.  We  wishtokflo^ 
4h»  <»MNin^,    o{   :'•.,    '.NX   v"'  «.    :;:  :h,    sjxv<i  }\     We  only  need  to 
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mpare  the  wave  and  eddy  resistances,  which  we  shall  call  ^^  and 
V  Make  two  modeli,  one  of  the  existing  and  one  of  the  ship 
sing  designed.  Let  the  values  of  V,  B,  S,  Z,  W  for  the  two  ships 
id  the  two  models  be  indicated  by  capital  and  small  letters,  the 
listing  ship  and  its  model  having  the  affixes  ^ 

S  is  skin  friction ;  D  is  displacement,  which  in  similar  ships  is 
roportional  to  the  cubes  of  the  lengths. 

Let  Tj  =  VJ  ^  )*,  t?2  =  ^2  (  7?  )  »  ^^^  '^^  ^'i  ~  ^'2  j  ^^^^  ^s»  make  the 

ccond  model  of  such  a  size  that  V^  and  r^y  as  well  as  V^  and  v^,  are 
corresjKjnding  speeds,"  and  yet  that  the  speeds  of  the  two  models 

(luiU  be  the  same.   In  fact  -r  =  ,."  (  v^ ).     Now  let  the  two  models  be 


towed  from  the  two  arras  of  a  lever  whose  fulcrum  may  be  adjusted 
ind  the  ratio  of  the  resistances,  n,  may  be  measured.  Note  that 
»e  need  only  find  this  ratio — a  much  easier  thing  to  do  than  to  find 
either  resistance.  Show  that  the  total  resistance  of  the  new  ship  is — 


S^  +  {^J  \nW,  +  ^^{ns,-s,)Y 


Mr.  Froude's  estimate  of  the  disposal  of  the  whole  indicated 
power  of  a  marine  steam  engine  was  : — 

Friction  of  engine,  26  per  cent. ;  jx)wer  wasted  in  driving  air, 
fced  and  other  pumps,  7  ;  loss  of  power  due  to  slip  of  screw,  91 ; 
friction  of  screw,  3*8 ;  loss  due  to  the  greater  resistance  of  a  vessel 
^hen  the  propeller  is  working  than  when  tho  vessel  is  towed,  15*5; 
power  really  effective  in  propelling  the  vessel,  38'7. 

It  is  usually  stated   (on  what  experiment;\l  authority  I  do  not 

know)  that  in  modem  ships  the  efiective  horse-power  is  53  per  cent. 

of  what  is  indicated.     In  the  first  edition  of  this  book,  after  a  long 

^^ription  of  tests  of  propellers  made  in  France,  I  stated  that  a  well- 

wtanged  propeller  utilised  Jrds  of  the  work  actually  given  out  by 

^he  engine.     The  mechanical  efficiency  of  a  good  mmlern  engine  is 

■^, and  §  of  '85  is  50  per  cent.     Froude's  idea  was  that  the  useful 

38*7 
power  was  the  fraction  '-^-^  of  the  useful  j)ower  of  the  engine :  this 

^oul(i  give  50  per  cent,  as  the  probable  nitio  of  useful  propelling 
power  to  indicated  power  in  modern  steam  engines. 

Students  will  do  well  to  keep  the  following  figures  in  mind. 

Exercise.  In  1845  a  ship  with  a  total  machinery  and  coal  load 
of  500  toiw  (besides  its  cargo  and  hull  loiid  of  1,000  tons  more)  going 
*t8  knots,  its  indicated  power  being  335,  used  1  ton  of  coal  per  hour, 
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what  was  the  amount  of  coal  used  per  hour  per  indicated  horse- 
power ?  Answer,  6*7.  The  total  weight  of  boilers,  en^es,  and 
other  machinery  was  120  tons,  leaving  380  tons  available  for  cod 
What  was  the  indicated  hone-power  per  ton  of  machinerr/ 
Ans\oer,     2*8. 

What  was  the  locomotive  performance?  Arisioer.  Ifir^^I )& 
nearly  200,  where  D  is  1,500  tons,  t?  is  8  knots,  /  is  335. 

The  ship  could  run  at  full  speed  380-^24,  or  15*8  days,  withuut 
coaling,  a  distance  of  15*8  x  24  x  8  or  3,040  nautical  miles. 

Now  in  1898  a  ship  with  the  same  loading  to  run  at  10  knots 
its  indicated  power  being  524,  has  a  locomotive  performance  of  250. 
The  total  weight  of  its  machinery  is  50  tons,  leaving  a  weight  of 
450  tons  available  for  coal.  What  is  the  indicated  power  per  ton  \ 
Apiswer.  10*5.  It  uses  10  tons  of  coals  in  the  24  hours.  This  is  at 
the  rate  of  1}  lb.  of  coal  per  hour  per  indicated  horse-power.  It 
can  nin  for  45  days  at  full  speed  without  fresh  coal,  a  distance  of 
10.800  nautical  miles. 

With  forced  draught  the  power  per  ton  of  machinery  is  12  in 
l>iUtloships,  30  in  torpedo  catchers. 

144.  Brake  and  Indicated  Power.  The  actual  hoi-se-ixwer 
dolivonnl  fn>m  the  crank  shaft  of  a  steam  engine  (usually  called  the 
brako-hoi'so-ix'»wer'^  is  less  than  the  indicated  power,  because  of 
tViotion,     In  mtvhanioal  labon\tories  it  is  almost  always  found  that 

ft 

\Nhou  wo  ijivo  |v>\vor  /  to  any  machine  and  receive  power  B  from  that 
niMohino.  thoro  is  somo  such  law  as — 

/.'  -  7-  <»     . (1) 

In  tuN  Ivv^k  ^ni  A]>|»:^it*il  Moohanics  I  have  considered  this  niaittr 
..n»lnll\.  »lv  vov;h;riC  'J'i*  intthvxls  of  measuring  mechaniciil  jwwer 
x\  lu  n  r.  ;s  Iv  ;r.c  '.rar.^'.r.ittol  :hn»ugh  belts  or  along  shafts,  and  aU 
\\  lu  n  \\  ;v  rv^:>;;ir.v  ^;  1\\  a  brakt-  for  the  purpose  of  measurement 
\\  h«  u  N\.  ;.  N'.  vtc.r...  ;^\vs.  ^  /..  iliviric.  hydraulic,  or  other  motor*, V'? 
UNini'.N  » ^^r.v■.;n^  /,'.  :'..;  v.  x^  i  r  ;:ivinour:  but  whether  we  consume 
;i  .M  \u\  NXv  .r.\  •..  /:-.x  :-..\>::  ■. :  oaiiing  it  the  actual  or  brake-hura- 
p.'Nv*'.  ri".,  ■..•■...'  >.:v;  ;v\\;r  c'-Viii  Ti»  the  engine  by  the  steaiu 
}'  i  «•-•'..  s    .  :  ■.    ;  ■ .  V    V  ^  ■  ■  '  ■     >    •'    *  •  "•  ^     '  I'' ^i'^ '■'«^  t  eil  power.     The   foi lowing 

M^' »   -^   .:    .  '.V    v..,    ,•    r.  v..>     biaincHl   ought  to  be  plotted  on 

'•.'-.    IV. i.,-     V.....—    . -;V:.:  ii.  try  for  himself  if  there  are 


•  •  1  . .  >      •       V  »  ^^  •■      .  *• 


\    . 


V     * 


vv;:;:>inc (2) 

.  -.\«:v-:i-n>ing    ....     (3) 
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The  engine,  when  working  as  a  condensing  engine,  was  supposed 
to  be  at  full  power  at  the  highest  load  shown  in  the  table.  When 
working  as  a  non-condensing  engine  the  highest  figure  is  supposed  to 
be  its  full  power;  in  this  case  the  pumps  were  not  working,  and 

presumably  this  is  what  made  the  difference  in  the  character  of  the 

laws. 


CONDENSIXG. 
B,                B!I. 

F. 

NOX-CONDENSIN'O. 

/. 

/. 

B. 

B/l. 

F. 

50-5 

40 

•80 

,     10^5 

42^5 

35 

•82      1 

7  5 

38-5 

.      30 

•78 

8-5 

31 

25 

•81 

6 

29 

20 

•69 

9 

24 

17  5 

•73 

6-5 

17 

10 

•58 

7 

1     15^6 

10 

•65 

5^5 

8 

0 

1 

0 

8 

'       55 

0 

0 

5  5 

If  we  denote  by  F  the  power  lost  by  friction,  it   is  evidently 
greater  at  greater  loads.     Possibly  there  is  some  such  law  as — 

F  =  -  ■  /  -f  10,  in  the  condensing  trials. 

^  =  -  -  /  -f  5,  in  the  non-condensing  trials. 

Th»'  frictional  loss  is  therefore  by  no  moans  merely  jiroportional  to 

*he  indicated   or  bnike-pow(?r,  and  we  always  find   from  our  tests 

"f  engines  that  if  we  for  speculative  puii)osos  assume  the  frictional 

!•>«  Constant  for  all   loads,   we    are   not  greatly    in  error.     This  is 

really  to  assume  that  c  in  (1)  is  unity.     It  is  the  great  dead  load  of 

all  the  parts  of  the  machinery,  the  Hywheel,    for   example,   which 

'^nsi'S  this  result.     Also,  at  the  same  speed  the  loss  by  friction  due 

to  mere  inertia  of  the  parts  of  the  engine  must  be  much  the  siime 

for  all  loads.     In  well-made  condensing  engines  we  may  take  the 

!'^as  about  20  per  cent,  of  the  indicated  power  at  full  load,  and  in 

non-condensing  engines  as  about  15  percent.    For  the  largest  engines 

*e  may  perhaps  subtract  five  from  each  of  these  figures.     A  certain 

•riple  expansion  engine  has  given   122  indicated  and  107  actual — a 

tiiechanical  efficiency  of  88  ]kt  cent.     There  is  usually  more  loss  by 

friction  in  single  cylimU-r  engines  than  in  double  or  triple. 

If  the  frictional  loss  were  really  constant,  it  would  be  complett^ly 
rtrpresfented  by  taking  a  conitant  back  preuure  at  repreienting 
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fHctioii.  Thus  in  an  engine  of  the  size  described  in  the  exercise* 
of  Art.  35, 1  find  that  if  a  back  pressure  of  about  14  Iba  per  squam 
inch  for  a  condensing  engine  and  10  lbs.  for  a  non-condensing  engine 
be  added  to  the  usual  back  pressures  3  and  17  of  the  indicator 
diagrams,  we  may  speak  of  the  calculated  work  or  power  as  (iduai 
or  brake  work  or  power,  instead  of  indicated.  Hence  the  remarks 
made  in  Art.  37. 

For  speculative  calculation  the  following  back  pressures  may  be 
fairly  well  taken  as  representing  the  effect  of  friction  in  well-made 
engines,  p^  is  supposed  to  be  the  initial  pressure  of  the  steam  used 
when  the  engine  works  with  its  greatest  load.  These  numbers  ought 
only  to  be  used  in  academic  problems.  I  know  of  engines  whose 
friction  is  represented  by  back  pressures  of  only  about  half  these. 


Condensing. 

Non-Con 

DEN8ING. 

Greatest  pi. 

Back  pressure  to 
take  as  repre- 
senting  friction 
at  any  load  of 
the  engine. 

Greatest  2>i. 

50 

75 
KJO 
150 

Back  pressure  to  i 
take  an  repre- 
senting friction 
at  any  load  of 
the  engine. 

50 

75 

UK) 

150 

200 

10 

11 

13 
15 
18 

5 

8 

10 

13 

In  making  such  calculations,  the  results  of  which  are  only  to  be 
employed  in  mpid  speculative  (but  not  altogether  misleading)  calcula- 
tion, let  p^j  the  indicated  back  pressure,  be  taken  as  3  in  condensing 
and  17  in  non-condensing  engines. 

It  is  only  in  calculations  like  those  of  Art.  35  that  I  venture  to  use 
back  pressure  as  representing  friction.  It  is  quite  a  common  practice 
in  finding  the  power  necessary  to  drive  some  machine  to  take  the 
indicated  power  of  the  engine  when  driving  and  when  not  driving 
the  machine,  and  take  the  difference  as  representing  the  power 
given  to  the  machine.  This  method  may  have  its  practical  value, 
but  it  does  not  measure  the  power  given  to  the  machine,  unless 
wo  assume  the  siime  loss  by  friction  in  engine  and  shafting  in  both 
cases. 

We  have  very  few  actual  power  tests  of  large  steam  engine^. 
Captain  Sankey  published  a  set  from  a  Willans'  engine  capable  of 
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develqung  150  indicated  horse-power  (Proc,  List.  C.  R,  1893,  dis- 

awon  on  Mr.   Willans'  Paper).      Measuring   from  the  published 
<iiignuD  I  find 


I.  H.-P.  I         B.  H.  P. 


104-5  94-5 

49  38 

12-5  0 


find  that  -B  =  1*03  /-  13,  or  /*=  13  -  003  /. 
Here  we  find  less  power  spent  in  friction  at  a  large  load  than  at 

small  one.  It  is  in  contradiction  to  the  sort  of  law  found  in  all 
ladiines  which  I  have  ever  examined,  and  shows  how  important 
Bch  trials  on  large  engines  might  be.  It  gives  a  very  good  excuse 
yr  ihe  common  practice  of  assuming  that  a  constant  back  pressure 
nay  represent  the  friction  of  an  engine.  It  will  be  noticed  that  at 
he  highest  load  published,  which  is  only  |  of  the  full  load  of  the 
agbe,  the  mechanical  efficiency  is  over  90  per  cent.  At  the 
iverage  load  the  friction  would  seem  to  be  represented  by  a  back 
pressure  of  only  4J  lbs.  to  the  square  inch  on  the  low  pressure 
pistoiL 

Exercise.  The  following  measurements  were  made  on  a  com- 
pouui  condensing  engine ;  find  the  law  connecting  /  and  B :  also 
check  BL 


I 

288 

B 

'249 

h;i 

•8« 

•2-23  VMS 


ISO  ins 


•sr>         -so 


Amctr,  B  =  -922/-  17. 

Exercise.  The  high  pressure  cylinder  of  tho  ab<»vr  engine  was 
'^  alone  as  a  condensing  engine,  and  the  following  re^^ults  wrrc 
'■fcuined ;  find  the  law  and  check  B  L 


ir>a         loO  .v» 


B  1-28  ss  3K 


B I  84  -81       '      m 


Angicer.  jB  =  093/- 13. 


r 
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Now  produce  a  few  more  columns  of  numbers  and  study  thei 
Give  W-T  Is^ndC-T  L  Give  W^-f  J?  and  (7  -r  A  Give  FT-r  JPai 
C  -T  E,  Also  give  W^-f  C  Observe  that  practical  engineers  u 
occasionally  every  one  of  these  methods  of  stating  the  performan< 
of  their  plant. 

Students  may  compare  the  above  results  with  the  followii 
average  measurements  made  at  an  electric  supply  itaticn  usiii 
several  engines  and  boilers  in  1891 : — 


/. 


Average  for  7  hours,  11  a. m.  to  6  p.m. 


80-3 


Average  for  11  hours,  midnight  to  11  a.m.    .       37 


E. 


57  1 


w. 


Average  for  6  hours,  6  p. m.  to  midnight  .    .  ,  227'7        163*2     |     7122 


C. 


3268         5S2 


(42 


23*64   I     2143         232 


3718         45S 


Here  it  will  be  found  that  although  the  load  was  varying,  eva 
when  the  averages  for  the  24  hours  are  taken  with  the  others  wi 
have  linear  laws  between  /,  -E  and  IF,  fT  =  1150  +  26*25  /,  anc 
-&  =  -72  /  —  2.  But  C  does  not  follow  a  linear  law  with  the  other! 
The  reason  lies  in  the  fact  that  a  spare  boiler  was  used  during  ptf 
of  the  time,  and  there  is  consequently  a  greater  consumption  of  fu€ 
than  if  one  or  two  boilers  had  been  used  the  whole  time.  Since  w 
have  considered  fuel  consumption  in  the  above  exercises,  it  may  n€ 
be  out  of  place  to  introduce  here  some  figures  from  the  testing  of 
water-tube  boiler. 


atcam  per  hour 

fnun  ttiul  at  100"  C. 

per  lb.  «»f  coal. 


13-40 
12-48 
12-<N) 

10-29 


Oial  Iter  (tquaro 

foot  of  griitt; 

per  hour. 

/. 


Water  evaporated 

I>er  square  foot  <»f 

total  Ixiiler  heatinff 

Kurfaoe  per  hour. 

Tliis  \n  not  reduced 

to  100  C. 


7-74 

1-24 

1 
103 

18-6 

3-20 

233 

29-8 

4-70 

357 

66-8 

8-50 

686 

xo 


=  steam  per  hour  per  square  foot  of  grate,/ =  fuel  per  hoW 
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per  square  foot  of  grate.  Plotting  w  and/  on  squared  paper,  we  find 
a  Cur  ajqnroach  to  a  linear  law, 

t£;  =  45  +  9-78/ 

,r      ^=^  +  m 

Evidently  also,  the  total  steam  per  hour  is  a  linear  function  of 
total  coal  per  hour. 
146.  Work  the  following  Exercises  : — 

1.  In  a  spinning  and  weaving  factory  suppose  each  spinning 
frame  to  need  1  actual  horse-power  for  every  sixty  spindles  in  it,  and 
that  each  loom  needs  2  horse-power  to  be  actually  supplied.  What 
is  the  actual  horse-power  to  be  supplied  in  the  following  cases  ?  Check 
the  numbers  in  the  table. 

2.  Suppose  a  steam  engine  to  have  the  law 

J? =0-95  7-52 

»here  /  is  the  indicated  and  B  the  brake  horse-power,  and  that  it 
drives  a  djmamo  which  feeds  motors  which  give  out  mechanical  power 
P, such  that  P is  090  B. 

Find  the  indicated  horse-power  when  driving  the  following  loads. 
Check  my  answers. 

3.  The  above  steam  engine  drives  ordinary  shafting  which 
delivers  power,  P,  to  the  spinning  frames  and  looms,  the  friction 
heiDg  such  that, 

•  P= -93  5-160. 

Fbd  the  indicated  horse-power  when  driving  the  following  loads 
«k1  so  check  rav  answers. 

•  '      A  ♦     1 K  '  Indicated  lu»n»e-    Indicated  horse- 

Spindle..  L.x>mi..  ,^,we?iicXi      ,  l*^'"^'"'  «»<^<^»rical     iK>wcr  by  shaft     ; 

IM.wer  iiccawi.     j         driviiiK.  driving.  i 

12.000         95         390         511  692 

6,<J00         48  196     I     283         459 

3,000         24  98  169         347 


147.  Two  engines  each  with  the  law  Jr=370-f  21(5  5,  where 

'^iiA  weight  of  steam  per  hour  and  B  is  brake  power,  are  required 

^  give  out  70  brake  horse-power.    If  x  is  the  brake  power  given  out  by 

^he  first,  and  70— a:  by  the  second,  find  x  that  the  total  expenditure 

^ steam  may  be  a  minimum. 

Answer.  The  expenditure  is  370-1- 21-6jc -|-370-|-2l-6  (70-x)  = 
740+1^10»2,250  lbs.  per  hour. 
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It  is  therefore  of  no  consequence  what  proportion  of  the  lo 
comes  from  each  if  both  must  work.  Of  course  if  one  alone  c 
do  all  the  work  it  only  uses  1,882  lbs.  per  hour. 

It  is  evident  that  if  there  are  many  engines,  the  best  arrangemc 
at  any  time  is  for  all  that  are  working  (but  one)  to  be  worki 
at  full  power,  one  at  less  than  full  power,  the  others  at  rest. 

148.  The  following  results  of  the  numerous  tests  made  by  II 
WiUani  on  his  condensing  central  valve  engine  (see  Art.  236),  whi 
he  used  as  a  simple  or  a  compound  or  as  a  triple  expansion  engine,! 
interesting.  In  every  case  he  found  that  the  plotted  points  represei 
ing  IV  and  /  lay  in  a  straight  line,  r  and  n  being  constant  and 
variable.  W  is  water  .per  hour,  /  indicated  horse-power,  r  the  to 
ratio  of  expansion  (intended  by  the  valve  setting;  in  the  tab 
published  by  Mr.  Willans  the  true  values  of  r  are  given  as  measur 
on  the  diagram  taking  clearance  into  account).  I  find  that,  usi 
the  following  values  of  r,  all  the  compound  trials  fairly  well  satii 
the  law: — 

W  =  0  +  aI 

Where  /9  =  40  +  '0058  (n  -  100)(r-h3-4j 


n 


a  =  12-34  +  T7.     -  00105 H 

10  r 

Condensing  Trials. 


n. 


r. 


Value  of  If  ill 
tcnuH  of  I. 


Hlffhent  aiid  lowost 

viUucM  of  /  in  the 

trijil. 


A0^^ 

400 


400 


400 
3(K) 
200 
lUO 


4(K) 
400 
3fM> 

2(N) 


2 
3-45 


10 
15-5 
15-5 
15-5 


70  +  23-4/ 
90  +  20/ 


62+12-8/ 
75  +  1 1  -5  / 
60+12-2/ 
50+13-2/ 


31 -6  and    91 
33*2  and    6*9 


2 

29  +  23-8/ 

4-8 
4-8 
4-8 
4-8 

54+15-3/ 

49+14-7/ 

45+151  / 

27-5+16-1  / 

33-6  and  11 -8 


40  and  11 
31  and    7-6 
20  and    53 
9  and    3 


33     an<l  12 
27 -5  and  13 
20     and  10*6 
13-5  and    6 


Simple. 
Simple. 


Simple;  Rteam  much 
wire  drawn  before 
admiHHion. 


Compound. 
Compound. 
Com})ound. 
Cf»miK>und. 


Compoun<l. 
Com}K>und. 
Compound. 
Componnu. 


4(Nl 
3(K) 
400 


12-3 
123 
20-6 


37-5+ 11-5/ 
37-5+11-4/ 
41     ^10-9/ 


2?)-5and  83 
23  and  6*7 
22     and    9 


Triple. 
Triple. 
Triple. 
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149.  In  an  electric  light  central  station  it  was  found  that 

when  a  steady  load  was  maintained  for  12  hours,  all  the  engines  and 

boilers  at  their  full  load,  the  total  electric  energy  given  out  was  4,600 

anits  (a  unit  is  1,000  watt  hours,  and  one  horse-power  is  746  watts) 

and  the  total  coal  consumed  was  6  tons.     In  regular  working  during 

each  month  of  720  hours,  44,200  units  (on  the  average  for  a  year) 

wete  given  out  for  a  consumption  of  138  tons.      Assume  a  linear 

law  connecting  coal  and  power  and  that  it  holds  for  average  i>ower  as 

well  as  steady  power  (see  my  Applied  Mechanics^  Art.  77).     What  is 

44200x12 
the  load  fiictor  of  the  station  ?     Ajiswer.    'ac^qqTJ^oo  ~   ^^^  ^^   ^^ 

per  cent.   What  is  the  law  connecting  pounds  of  coal  per  hour  C\  and 

watts  given  out  F  ?    Answer.  We  have  F  = ^^^ *^^  383,000 

6x2240 
watts  for  C  =  — yo —  ^^   1,120   lbs.   of  coal   per   hour  and  F  = 

44200x1000       a^AIv^      .f    f     r      138x2240      ,^^.,  , 

^^^ or  61,400  watts  for  C  =  — ^^„    —  or  430  lbs.  per  hour, 

1 20  /20  r  » 

ind  if  there  is  a  linear  law  it  is  easy  to  see  that  it  is  C=  208  4-  00215  F 

Exercise.  If  the  power  factor  sank  to  10  per  cent.,  or  rose  to  20 

or  30  per  cent,  find  the  coal  per  unit.     Aiisiver.    The   full   power 

4600  X 1000 

is         .^ or  383,000  watts.     The  above  percentages  would  give 

38,300.  76,700, 115,000  watts,  as  the  average  powers.  Applying  these 
in  the  formula  we  get  the  cojxl  consumed.  The  other  numbers  in  the 
following  table  are  easily  found.     One  unit  nutans  1,000  watt  hours. 


Power  in  watts. 
P. 

383,<.HH) 

llw. 

of  foal  iurr 
C. 

IIlNI 

lumr. 

Ihs.  of  coitl  jH-T  hour 
1H.T  unit. 

FoUlotta    .  .   .   . 

20 

1 

Ixml  factor  10%   . 

38,3<M3 
61,4<Hj 
76,7<)0 

11. VMM) 

380 
.->4« 

7MHI 

474 

Since  the  above  figures  were  given,  all  the  steain-i)ip».*  arrange- 
ments have  been  simplifie<l.  More  steam  sepanitors  have  been  intro- 
duced. More  precautions  taken  in  n^gard  to  i>riining  and  leakage, 
tnd  chimney  draught  has  been  gn*atly  increased.  The  total  output 
f>f  the  station  has  been  inci*east><K  but  there  is  about  the  same  load 
factor,  16  per  cent.,  as  befon*.     The  full  power  of  the  station  is  now 
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520,000  watts,  with  an  expenditure  of  1,352  lbs.  of  coal  per  h 
and  at  an  average  load  fcf  83,000   watts,  the  coal  is  482  Iba  per  h 
Work  out  a  table  like  the  above  one  for  the  reformed  conditiona 


Power  in  watts. 
F. 

ItM.  of  coal  per  hour. 

c. 

lbs.  of  coal  per  tintt 

Fullload    ....              520,000 

1                                   1 

1352 

2-6 

i 

1  Load  factor  10%   .                52,000 
„     16%    .                83.000 
,.     20%    .               104,000 
„     30%    .               156,000 

420 
482 
524 
626 

81 
5*8 
5-0 
4-0 

The  law  is  now  C  =  316  +  002  R 

1 60.  In  an  electric  light  station  the  load  varies  greatly, 
the  change  of  load  is  so  gradual  that  we  can  shut  down  one  eng 
and  boiler  after  another  in  an  installation  of  many  units ;  one  eng 
only  need  be  on  light  load  at  any  time  and  we  can  gradually  decre 
the  pressure  in  its  boiler.  Thus  (except  for  the  loss  of  heat  due 
the  boilers)  the  engines  are  working  nearly  always  under  their  I 
conditions  and  the  losses  are  mainly  due  to  the  boilers.  In 
electric  traction  station  or  factory  where  the  load  is  often  chang 
greatly  and  quickly,  in  a  few  minutes  or  seconds,  it  is  evident  t 
we  must  keep  the  pressure  in  the  boiler  or  boilers  nearly  const 
unless  the  boilers  are  of  very  small  capacity.  Assuming  any  ordin 
kind  of  boiler  the  pressure  is  nearly  constant.  The  engine  ought 
be  most  efficient  when  working  at  its  average  load. 

In  the  following  case  the  law  is  not  linear. 

Exercise.  The  specification  of  an  engine  for  an  electric  tract 
station,  after  a  clause  stating  that  three-quarters  of  the  whole  h 
might  be  thrown  off"  or  on  suddenly  without  a  greater  fluctuation 
speed  than  5  per  cent,  above  or  below  the  normal  speed,  went  on 
say  that  at  30  per  cent,  of  the  full  load  not  more  than  25*3  lbs.  of  ste 
(at  165  lbs.  absolute  per  sq.  inch)  was  to  be  used  per  actual  hoi 
power  hour.  At  full  load,  or  400  actual  horse-power,  the  consumpt 
was  not  t(>  be  more  than  16*5  lbs.  of  steam  per  horse-power  ho 
Now  if  th(?  engine  satisfied  these  conditions  exactly,  and  was  goven 
by  the  cut  off,  it  would  in  all  probability  be  working  most  ecoi 
mically  when  giving  out  280  brake  horse-jK)wer,  using  15*73  lbs. 
steam  per  hour  ptT  actual  horse-power. 

Suj)i>ose  these  three  points  given  :  draw  approximately  the  cu 
showing  steam    per    hour  and   actual  horse-power.      Suppose 
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efectiical  power  to  be  given  out  at  a  varying  rate,  which  for 
tbe  sake  of  simplicity  I  shall  take  to  be  shown  by  the  sine  law. 
Electiical  powers  250+150  sinqt;  and  that  the  electrical  power 
s  90  per  cent,  of  the  actual  power,  find  the  average  weight  of  steam 
ised  per  hour  per  electrical  horse-power.     Answei\  19*38. 

Taking  it  that  8}  lbs.  of  such  steam  is  evaporated  by  1  lb.  of  coal 
:his  is  the  figure  usually  taken  as  true  in  London),  what  is  the 
veiBge  amount  of  coal  per  hour  per  electrical  horse-power? 
Insirer.  2'28. 

The  average  electrical  power  is  250.  If  this  were  steadily  given 
at,  tbe  consumption  of  steam  would  be  16*2  lbs.  per  hour  per 
lectrical  horse-power ;  whereas  the  two  answers  would  be  the  same 
fthe  Willans  law  were  true. 

151.  The  tests  at  the  small  electric  lighting  station  at  Ley  ton 
a  1897  showed  the  following  results,  for  J?,  the  electrical  horse-power, 
ad  C,  the  coal  per  hour  for  one  gas  engine  and  dynamo.  Assuming 
»Iiiiear  law,  and  that  45  electrical  horse-power  was  the  full  load,  find 
be  eflSciency  with  load  fitctors  of  40,  60,  80,  and  100  per  cent,  on  this 


E 


44 

29 


49 
41 


ooe  engine   and   dynamo.      (For   experimental  results  on  a  whole 
station  with  many  such  engines,  we  have  still  to  wait :  they  would, 
rf course,  show  higher  efficiency  than  these.) 
The  numbers  give  the  law — 

C  =  5  i^'4-25o 
lo 

We  calculate   the    following   values   of    C    from    the    assumed 
filues  of  £. 

E  4.')  HO  I'T  1« 


C  49-5  44-7  H9'9     ,     :V)1 


CE  11  lii4  1-48  l-9."» 


C  per  unit        147  I'fitt  I  iW  "iiil 


S8S 
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15S»  When,  as  in  most  cases  of  bydnuiUo  work,  change  of 
load  means  change  of  speed,  there  is  quite  a  different  GODnectm 
than  a  linear  law  between  useful  and  indicated  power.  In  woiUif 
with  an  engine,  and  pump,  and  accumulator  at  Marseilles,  the  enoig^ 
given  to  the  accumulator  being  called  useful  power,  it  was  found  tint 
the  jfrictional  loss  of  engine  and  pump  was  20  per  oent.  at  slow  speeds, 
and  SO  per  cent  at  high  speeds.  In  the  liiRiing  machines  used,  the 
useful  work  was  21  per  cent  of  the  indicated  work  of  the  engine,  cr 
M  per  cent,  of  that  of  the  pressure  water.  In  a  hoist  with  vanibb 
load,  the  ust'ful  work  was  15  per  cent  of  the  pressure  water  eneqj 
with  a  KhuI  of  half  a  ton,  and  60  per  cent  with  a  load  of  2  toM. 
This  is  of  course  uuiinly  due  to  the  dead  weight  of  the  cndk^ 
The  practical  eAicioncy  of  any  general  system  of  hydraulic  80|fiy 
in  towns  is  probably  less  than  30  per  cent  for  useful  work-rindioted 
wuriL 

1ft 8.  ExEKClsE.  If  IT  horse-^power  is  supplied  at  one  end  d% 
line  of  pipet»  in  a  system  of  hydimnttc  tranaml—ionj  the  luefal 
power  coming  out  of  the  other  end  is — 

whoiv  &«  a  straight  line  a  =  D037i/  /Ai^,  whei«  /  =:  length  of  pipe 
in  feet^  J  the  diaiuotor  in  llvt,  and  />  the  pressure  in  IhsL  per  sqnaie 
iuoh  at  eiitnuKv. 

If  i  =  10aKH>  tVvr  :  pijx^  i>  inoht^  diameter,  or  d  =  iVo./)  =  700 lbs. 
ivr  >*.{UAn^  iiioh.     It"  :ho  useful  |vwtT  H  of  ih^  pump  i< — 

Aiivi  if 


*  ft 


hx  :u..i:^xi:o.i  jvw-.rof  :ht:*  <:ac.n<?  an«i  C  i>  :h-r  c»:<il  uf^d 
:*«.;  "'  :'.r  :ho  ■■;!N>wia^  v-Alu^tf  of  H,  An«i  als.'  C  andcal- 


^4> 

•^x 

*'  < 

«  > 

i^tf 

'3' 

Mi' 

::S5i 

U-^' 

»:£« 

I*'*  ■ 

i»» 

-*£ 

J-w 

"■  ■» 

n<? 

i>' 

•« 

.«••« 

^" 

^»l* 

M^' 

:S!><S 

3^ 
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h  is  noticeable  here  that  the  economy  does  not  greatly  alter  when 
he  nsehkl  load  alters  very  much. 

254.  ExEBClSE.  If  J?  is  the  horse-power  given  to  an  electric 
indiiclor,   the  useful  power  given  out  is — 

lere  a  =  746-B/t?*,  R  ohms  being  resistance  of  the  mains,  and  v  the 
(ential  difference  at  the  receiving  end.  Take  ^  =  064  (this  is  the 
BStance'of  about  4  miles  of  copper  rod  of  one  quarter  of  a  square 
:h  in  section).    Take  v  =  1,000  volts. 

Then  a  =  746  x  •64/1000«  =  477  x  10  "  ^ 

If  the  above  values  of  j?  be  taken  and  the  same  formulae  for  C 
d  ff,  we  get  another  table  interesting  to  compare  with  the  above 
le. 

It  is  easy  to  frame  many  other  exercises  showing  how  the  economy 
as^-stem  alters  when  the  useful  load  is  altered. 

156.  Mechanical  Transmission.  In  transmitting  power 
ffOQgh  contrivances  in  which  there  is  approximately  the  solid 
iction  law,  as  through  successive  machines  of  the  same  kind,  or 
ire  ropes  and  pulleys,  &c.,  if  we  take  the  system  as  a  continuous 
oe;  on  the  length  SI  let  there  be  a  loss  of  horso-power  SP,  and 

dp 

2t  -  — -  =  a{P  +  6),  where  a  and  h  are  consttmts. 

dl 

The  rate  of  loss  ab  would  exist  if  no  power  F  were  being 
i*nsmitted,  being  due  to  the  weight  of  parts  uf  the  trans- 
wasion  mechanism ;  due  to  the  bending  of  ropes  or  belts,  &c. 
^J^'ing  this,  and  letting  U  be  the  useful  power  transmitted  to  the 
^stance  /, 

cr=  J5r-(j5r4-/>)(i -c-«')   .   .   . 

^'iffl"—  U  is  called  I\  the  i)ower  lost, 

F=  {]I-{-h){\  -r, -«'). 

Exercise.  Taking  /  to  mean  the  numlxT  of  the*  usual  spans  in 
^rtain  line  of  wire  rope  transmission,  I  tind  that  a  =  03,  b  =  60, 
'  that  if  we  take  /  =  12  spans,  that  is,  there  is  trjinsmi.>sion  for  a 
stance  of  about  3,000  feet,  we  find  r  -  «'  =  0*6977,  which  I  shall 
11-7. 

U^H-(H+60)  X  -3=  7//^-  IH. 
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whereas  if  there  is  transmission  for  24  spans,  «  -  «*  =  '487,  which 
shall  call  '5,  and  we  have — 

It  is  interesting  to  imagine  the  above  engine  working  one  of  thes 
two  systems,  and  then  the  other,  and  finding  in  each  case  the  cm 
per  useful  horse-power  delivered  when  it  varies  as  in  the  othc 
cases. 

At  Schaffhausen  the  average  life  of  a  steel  rope  is  only  II  montlii 
and  the  loss  due  to  this  is  £2  per  year  per  transmitted  horse-power 
or  35  per  cent,  of  the  gross  income  from  power.  Hence  at  Schaff* 
hausen  electric  methods  of  transmission  are  about  to  be  adopted 
(1899),  the  rope  method  being  discarded. 


CHAPTER  XVII. 


THE  HYPOTHETICAL  DIAGRAM. 

156.  In  Art,  32  I  used  the  rough  and  ready  rule  of  expansion 
ft  ooDstant.  If  a  gas  such  as  air  is  kept  at  constant  temperature  when 
it  expands,  it  follows  very  nearly  the  law,  pv  constant.  But  the  stuflf  we 
W  with  is  steam  with  water  present,  and  even  if  it  were  air,  it  is 
not  by  any  means  at  constant  temperature.  Indeed  it  is  an  astonish- 
ii^  thing  that  the  rule,  pv  constant,  should  be  so  nearly  true,  and  yet 
I  have  heard  men  speak  of  this  law  as  "  the  theoretical  law  of 
ttpanfflon."     What  meaning  can  they  attach  to  the  word  theoretical  ? 

Exercise.  Calculate  the  numbers  in  the  second,  third  and  fourth 
columns  of  the  following  table.  When  found,  plot  v  and  p  on 
*l«ared  paper,  or  in  some  other  way  try  to  get  an  idea  of  the  sort  of 
^*^ptrture  we  may  sometimes  expect  from  our  rough  and  ready  rule. 

The  pressures  in  the  third  column  are  calculated  according  to  the 
wmulae  pv^-^^  constant,  and  in  the  fourth  cohunn  pv^'^  constant. 


Presaure  in  a  Htoaui- 
jucketod  cylinder. 


KM) 
69-4 
53  6 
43-8 
37  ii 
32-4 
28-7 


Preature  according 

PreHsu 

re  in  a  Ixxdly 

Votume. 

to  our  roughly  correct 

clothed  cylinder, 

rule. 
100 

piftto 

n  leaking. 

1 

1(K) 

u 

66-7 

63-2 

2 

50 

4;->-7 

k 

40 

3.1-5 

3 

33-3 

28-9 

H 

28-6 

24  3 

4 

25 

20  9 

In  hypothetical  calculations  I  use  0  for  temperature,  p  for  pres- 
^^  (absolute)  in  pounds  per  square  inch,  u  for  the  volume  in  cubic 
eet  of  one  pound  of  steam,  v  for  volume  in  cubic  feet  in  general,  r  for 
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the  ratio  of  cut  oflF:  we  cut  off  at  -th  of  the  stroke.     I  use  affij 

r 

letters,  1  to  indicate  admission,  2  to  indicate  the  end  of  e: 

sion,  3  the  exhaust.     Thus  p^  means  the  pressure  at  the  end  o 

expansion,  u^  means  the  volume  of  1  lb.  of  steam  at  the  initial  pret 

as  given  in  the  table,  Art.  180. 

In  Art.  33  I  asked  the  student  to  find  graphically  the  i 

forward  pressure  during  admission  and  expansion  to  the  end  o 

stroke,  the   back  pressure  being  taken  as  0.     I  call  this  jo^i 

elfoctive  pressure  being  p^  =  p^  --  p^,  if  ^3  is  the  back  pre? 

Instead  of  taking  so  much  trouble,  the  student  might  have  toxxm 

answer  as — 


1  +  logjr 


r 


(1) 


But  if  the  law  of  expansion  is  pv'  constant, 

5;«  -  1  —  9.  -  » 
Pm  =  Pi- 


5-1 


(2) 


Exercise.  Comparison  between  the  rules  for  the  following  v; 
of «.  It  is  a  pity  that  one  formula  like  (2)  will  not  serve  us  ft 
values  of  s.  But  there  is  one  case  in  which  (2)  is  of  no  use  U 
namely  the  most  common  case,  where  s  =  1 ;  let  the  student  tr 
himself.     He  ought  to  calculate  every  one  of  the  following  num 


A/-  X 


Values  ok  ;>a»  for  the  roLLOwiNci  Values 


1-333 

1-5 

2 

3 


5 

8 

12 

2U 


O-N 


•972 
•948 

•872 
•743 

•447 
•.^•)l 
•257 


0"J 

1  - 

ror»4«i 

1 
1 

•970    • 

•905 

•964 

•941     1 

•937 

•9.34 

•8.-)9     1 

•846 

•838 

•721     1 

•71H» 

•687 

•549 

•522 

•505 

•414 

.385 

•369 

•318 

•29() 

•274 

•225 

•2<)() 

1 
• 

•186 

.  \< 


'->^'"" 


1-llU 


•961 
•931 

•8;« 

•678 
•496 
•356 
•265 
•177 


11S5 


•960 
•930 
•830 
•674 
•489 
•352 
•259 
•173 


1-2 


•959 
•926 
•823 
•662 
•475 
•337 
•246 
•162 


Proofs  of  fhf.  ahoi^  Hides, 

I.  The  student  who  knows  a  little  calculus— Rurely  it  ought  to  be  taii| 
mere  beginners  -knows  that  when  a  Huid  of  volume  v  and  pressure  p  inci 
in  volume  by  the  very  small  amount  8r,  the  work  done  by  it  is  p.  9v,  If, 
fluitl  at  t\  and  ;>.  increases  in  volume  to  r,,  and  if  its  law  ot  expansion  i»  pvz 
the  total  work  aone  is 


r 


p    dv,or  pii\ 


rue. 


w  Pi»'ilog.3 


r, 
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If  tiie  pressure  ;>|  kept  constant  when  the  volume  was  increasing  from  0  to  1*1 
the  vork  done  was  ViPi.  If  the  back  pressure  is  p^  being  constant,  when  the 
Tolome  diminishes  from  r,  to  0  the  negative  work  done  by  tlie  fluid  is  p^i'^  and 
kence  the  total  amount  in  all  is,  if  we  indicate  i\fvi',hy  the  letter  r, 

Pi^i  +  Pi^^i  log.  r  -  p^ir 

Sow  if  this  \*  to  1>e  the  same  as  the  work  done  under  a  constant  effective 
preanire  p^  from  volume  0  to  volume  r^  and  no  1)ack  pressure,  it  ought  to  be 
equal  to  p,r^     Putting  it  equal  and  dividing  by  r,,  we  find 


,.  =  p,(L±J2g^)  .  ;>. (1 


) 


II.  If  pt'*  remains  constant  during  expansion  and  a  is  not  1 . 
In  the  above  proof, 

I   p.tfv  is  />i«V/    t'-'.rfr,  or  Pjt*i*(i2*-'  -  ri^-*)/(l   -  «),  and  hence         ^ 

Pe  =  Pii^''  -  r-'yiM  -  1)  -  ;?t.  .  (2) 

I  nearly  always  use  the  first  rule,  but  if  I  want  to  be  more  general  I  use 
;»  =  ;»,/?  -  71,.  where  /?  stands  for  any  of  the  numl)er8  in  the  above  table. 

In  hypothetical  calculations  nearly  everyb(Kly  uses  the  rough  and 
wdy  rule  j>r  constant.  To  help  in  calculating  />„„  and  indeed  for 
<*htt  reasons,  I  give  the  table  on  the  following  page. 

If  the  area  of  the  piston  is  A  square  inches,  /  the  length  of  the 
^Wtein  feet  (twice  the  length  of  the  crank),  the  steam  supplied  for 

**  stroke  is   - --  -  cubic  feet,  or  — — -   -  lbs.   The  work  done  in  one 
144  r  144n/j 

*^le  is  PfAl,  and  hence  thc^  work  done  per  cubic  foot  of  gteam 

^11  expansion  is  according  to  the  law^f  constant, 

144\2\{1  +  log.r)-yv; 

It  is  easy  to  show  that  this  is  a  maximum  for  given  values  of  p^^ 
**lft when  r  =  PiP^r 

The  student  must  bear  in  min<l  that  we  an*  dt»aling  with  the 
"Jpothetical  diagram.  It  is  usually  found  that  wire  drawing, 
Cloning,  and  the  effects  of  oloaninre,  cause  thr  real  p^  of  an 
'^icator  diagram  to  be  smaller  than  our  hypothetical  p^  by,  roughly, 
«t  fraction  cr  of  itself,  where  c  is  the  clearance  as  a  fraction  of  the 
^K>le  volume.  Mr.  Willans  generally  tabulated  the  ratio  of  his  real 
'  U)  the  hypothetical  j)^,  and  he  called  this  ratio  his  plci^it  fffijciency,  a 
U&eof  which  I  do  not  approve.  The  plant  efficiency  would  probably 
^ve  been  about  97  per  cent,  or  more,  only  for  clearance.  He  usually 
Hod  it  less  than  90  p<*r  cent.,  often  much  less. 

157.  IinpoHai\JL   Exercises  on  Regulation  and  Economy. — 
le  student  will  in  the  following  ca-ses  (Art.  158)  calculate  p^  or 
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Table  of  Napierian  Logarithms. 

The  Napierian  or  Hyperbolio  Logarithm  of  a  number  may  be  obtained  from  tl 
ordinary  Lc^arithm  of  the  number  by  multiplying  by  2*3026. 


1-05 


1 

15 

2 

25 

3 

35 

4 

45 

5 

55 

6 

65 

7 

75 
8 
85 


1-9 

1-95 

2-0 


2-05 

21 

215 

2*2 

2-25 

2-3 

2-35 

2  4 

2-45 

2*r) 

2-55 

2  6 

2-65 

2-7 

2-75 

2^8 

285 

2  0 

2-95 

3i» 


log.  i» 


•049 
095 
140 
182 
223 
262 
300 
336 
372 
405 

438 
470 
500 
531 
560 
588 
615 
642 
•668 
693 

718 
742 
765 
788 
811 
833 
8.>4 
875 

Hsm 

916 

9:i6 
9.')« 
975 
993 
H»12 
03(» 
<>47 
(H>5 
m2 


1 
1 
1 
I 
l-0<)9 


3^05 

3-1 

315 

3-2 

3-25 

3-3 

3-35 

3-4 

3-45 

3-5 

3-55 

3-6 

3-65 

3-7 

3-75 

3-8 

3-85 

3-9 

3-95 

4() 

4  05 
41 
415 
4*2 
4'h 
43 
4  35 
4  4 
4  45 
4  5 

4*55 

4*6 

4^ti5 

4-7 

4  75 

4^8 

4-85 

4-9 

4  95 

5  0 


log.w 

n 

1< 

1-115 

6*05 

1 

1*131 

5*1 

1 

1147 

6*16  1  1 

1163 

6*2  ;  1 

1179 

5*25  1  1 

1194 

5-3     1  1 

1*209 

5*35  -  1 

1*224 

5*4 

1^238 

6*45 

1253 

5*5 

1^267 

5*55 

1*281 

6*6 

1*295 

6*65 

1*308 

5*7 

1*322 

5*75 

1*335 

5-8 

1*348 

5-85 

1*361 

5*9 

1*374 

5*95     1 

1*386 

6*0 

1 

1399 

6*05 

1 

1*411 

6*1 

1 

1*423 

615     1 

1  -435 

6*2       1 

1*447 

6*25     1 

1*459 

6*3       1 

1  -470 

6  35      1 

1  482 

6-4     i  I 

1  -493 

6-45      I 

1  504 

6*5       1 

1-515 

6-55  '  1 

1  526 

66    1  1 

1  537 

6-65  1  1 

1-548 

6-7       1 

1  -558 

6-75      1 

1  569 

6-8     1  1 

1  -579 

6-85 

1 

1  -589 

6-9 

1 

1  -599 

6-95 

I 

1-61  »9 

7  0 

1 

log.  n 


•619 
629 
•639 
•649 
658 
•668 
•677 
686 
696 
705 

•714 
723 
732 
740 
749 
758 
•766 
•775 
783 
792 

*800 
•808 
816 
824 
833 
•841 
•848 
•856 
-864 
•872 

•879 
•887 
•895 
•902 
•910 
•917 
-f>24 
931 
-9.39 
•946 


7-05 

71 

715 

7*2 

7*25 

7-3 

7-35 

7*4 

7-45 

7*5 


7*55 

7*6 

7*65 

7*7 

7*75 

7*8 

7*85 

7*9 

7*95 

8*0 

8-05 

81 

8*15 

8*2 

8*25 

8*3 

8•.^") 

8*4 

8-45 

8*5 

8  55 

8*6 

8*65 

8*7 

8*75 

8*8 

8^85 

8*9 

8*95 

9-0 


log.  « 


1-953 
1-960 
1^967 
1-974 
1^981 
1*988 
1*996 
2-001 
2*008 
2*015 

21>22 
2*028 
2*035 
2*041 
2*048 
2054 
2*061 
2-067 
2*<»73 
2t)79 


2*t)86 
I  2i>92 

2*<I98 
.21(^ 

2110 

2116 
•>•!»» 

mi     1  *^mm 

2128 
2134 
2140 

2*146 
2152 
2158 
2163 
2169 
2  175 
218<» 
2186 
2192 
2197 


9-05 

9*1 

915 

9-2 

9-25 

93 

935 

9-4 

9*46 

9*5 

9-55 
9-6 
965 
9-7 
9-75 
9*8 
9*85 
9-9 
9  95 
10-0 


15 
20 
25 
30 
35 
40 
45 
50 
55 
64) 


log.  • 


2*90S 
2-2U6 
2*214 
2-219 

2*230 
2-2S5 
2-941 
2-216 
2*251 

2*257 
2-282 
2*287 
2-272 
21277 
2*282 
2*287 
2*293 
2^298 
2*303 

2*708 
2-996 
3*219 
3*401 
3*555 
3*689 
3*807 
3-912 
4-<H»7 
4*094 


65 

4*174 

70 

4*248 

75 

4*317 

80 

4*382 

85 

4*443 

9(1 

4-500 

95 

4*504 

KK) 

4*805 

1,000 

6-908 

10.000 

9-210 

■1.1 

/)j  *^"*    —  p^  and  the  work  done  jut  .stroke,  multiplying  by  th< 

niunbcr  of  stroke.s  ]>er  minute  and  dividing  by  33,000.  to  get  tw 
hypothetical  horse-])o\ver.  He  will  also  calculate  the  weight  of  ste«Di 
indicated  per  stroke  (neglecting  cleamnce)  -^/  144n(j,  and  from  thi< 
the  weight  jmt  hour. 
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Bff  Water.  In  working  out  the  following  important  exer- 
non-condensing  engine^  the  student  will  assume  that 
I  which  is  not  indicated,  that  is,  which  is  missing  because 
sation  in  the  cylinder  or  through  leakage  past  valve  or 
to  be  found  by  the  following  rule : — 

Missinir  steam  ,^1  +  ^  /i\ 

^       Indicated  steam  ds/n^ 

1  the  ratio  of  cut  off,  n^  is  the  number  of  strokes  per  minute, 
iameter  of  the  cylinder  in  inches.  Instead  of  15  we  might 
small  a  number  as  five  in  a  well-jacketed,  well-drained 
•f  good  construction  with  four  double  beat  valves,  and  we 
re  as  great  a  number  as  30  or  even  more  in  badly  drained 
keted  engines  with  slide  valves. 

not  concerned  just  now  with  a  condensing  enginey 
ly  say  that  instead  of  (1)  I  am  in  the  habit  of  using 
Pi  being  the  initial  pressure) — 

__  Missing  steam      _120(l  +  r)  .^. 

^  ~  Indicated  steam  d  s/v}pi 

ic  problems  on  condensing  engines.  Instead  of  120  I  use 
IS  small  as  50  or  as  great  as  300  or  even  more. 
Non-Condensing  Sngine.  n  revolutions  per  minute 
=  2»  strokes  per  minute  in  the  following  work,  the 
ing  double  acting;  piston  12  inches  diameter;  crank  1 
%t  I  =  2,  back  pressure  p.^  =  17  lbs.  j)or  square  inch.  Take 
able  I.,  Art.  180.  Calculate  /  the  indicated  horse-power, 
mnds  the  weight  of  steam  used  per  hour.     In  Table  II., 

I  give  the  weight  per  hour  of  each  kind  of  initial 
ded  by  a  perftd  non-condensing  engine  per  horse-power. 

up  for  each  initial  pressure  and  multiply  by  each  horse- 
jet  ir^,  which  may  be  coin])ared  with  W, 
tudent  will  plot  W  and  /  for  all  the  ca^es  on  one  sheet  of 
iper.     He  will  note  that  W  is  a  linear  function  of  /  in  two 
»,  and  not  in  the  other  two  (see  Fig.  215).     He  ought  to 

on   .separate  sheets  of  s^pared  paj)er  also,  j)lotting   W^ 

in  Fig.  215)  in  each  such  case. 

pressure  }\  altering.     100  revolutitms  per  minute,  r  =  3. 


Kn) 

90 

HO 

70 

00 

50 

40 

30 

221 N) 

m>o 

1743 

1530 

1350 

1174 

900 

700 

71-0 

«2-3 

5211 

43-4 

33-9 

24-4 

14-9 

5-42 

1330 

1221) 

1107 

985 

955 

095 

— 

_^_ 
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II.  Cut  off  altering,    p,  =  76,  n  =  100. 

f 6     s           t         3i           3    2i  i 

W 1030   115S   1340   U7a   1600   1900  2270 

LH.P.  ....   24-2    30-5    37-9    41  8    48-0    H-8  02-8 

nr, S30   eeo   830   9io  looo  laoo  isro 

III.  Speed  altering,    p,  =  85,  r  =  ^. 

•>..'«)    60    70    BO    90   100   no   120   130  140 

W.    .    947'  1090   1230   1370   ISIO   16110   1780   1910  2040  2170 

I.H.P.  20-9   31-1   36-3  41-5  46-7   81'8   87-0   62-3   67-2  '!^^t 

ir,  .  .  1125   630   733   840   945   1060   IISO   1260   1360  1470 


IV.  Speed  constant  100.     The  pres-sure  and  cut  off  altering 
at  the  same  time  so  as  to  ketp  p^-^  v  =  25. 


1598  1675  17S6 
48-2  57-9  64-8 
1060      1070      low 


m  THE   HYPOTHETICAL   DIAGRAM  291 

The  student  will  note  that  if  any  point  in  any  of  these  diagrams 
joined  to  0  the  origin,  the  slope  (or  tangent  of  the  angle  of  inclin- 
od)  of  the  line  represents  water  per  hour  per  indicated  horse-power, 
r  any  engine  it  always  gets  great  with  the  smaller  loads.  It  is  only 
the  case  of  varying  cut-off  that  there  is  a  particular  load  giving 
limum  efficiency,  and  it  is  for  this  reason  that  whereas  for  central- 
tion  electric  hghting  work  where  the  load  alters  slowly,  many  small 
pnes  are  recommended,  working  most  of  them  at  full  power ;  for 
ctric  traction  central-station  work  where  the  load  is  constantly  alter- 
;,only  one  or  two  engines  are  recommended,  governing  by  the  cut-off. 

In  a  triple  expansion  engine  even  at  full  load  there  is  much  ex- 
nsion ;  hence  cutting  off  much  earlier  in  the  stroke  will  reduce  the 
iver  without  much  gain  of  economy  ;  in  fact,  there  is  a  considerable 
age  of  load  possible  with  much  the  same  economy. 

In  a  single  cylinder  engine,  governing  by  the  cut-off,  at  its 
rettest  load  there  is  a  late  cut-off;  at  small  load,  a  very  early  cut- 
V;  hence  there  is  a  very  much  greater  gain  in  economy  \\4th  less 
Md  than  in  compound  or  triple  expansion  engines.  In  all  cases 
•here  is  a  great  advantage  in  regulating  by  the  cut-off,  but  it  is  more 
i^titiieeable  in  single  cylinder  engines. 

ISO.  Condentiiig  ISngine.  Sizes  as  in  the  last  exercise,  ^^3  =  3. 

_  missing  steam      _    120  (1  -f  ^) 
indicated  steam  d  ,Jn-p^ 

If  Pi  varies  from  100  to  20,  if  r  =  3.^,  n  =  100,  calculate    W 

h  -  '644  ;?j  —  3,  so  that  /  =  '874  py^  —  4.     Also  steam  W  used  per 

h^n  J     .    5333  /,        4-5  \ 

•^f  m  pounds  is  -^^  fl  +    -p-\ 

Pl  W  Ihn.  I. 


100 

177."> 

8,3-4 

80 

149-2 

<i6ii 

60 

lUH) 

48-4 

40 

887 

31  0 

20 

54*2 

13-5 

160.  We  see  various  reasons  for  thinking  that  the  following 
vpariflOQ  is  not  altogether  fair ;  but  it  is  not  altogether  unfair. 
B^ow,  it  18  worth  making. 

u  2 


S9S 
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Compare  results  bom  the  above  cpgiiie  taken 
Mid  M  a  non-oondenaing  engiiie;  but  imfwrf 
power,  which  would  be  too  unfiur  to  the 
ui  take  actual  or  brake  horBe-power,  aawiming 

J?  -  0-96  /  -  12  in  the  condeiiaiiig  engine, 
B  tm  0-96  /'  7  in  the  non-condensing  engine. 


eondfluni 

of  tafcinff  indioilBi 

engiiieyU 


P\ 

Co 

ndcnaiiig.   n 

■•*. 

Kmk 

^QHBNIHIIBB^* 

rsBl 

KNj 

II. 

67*2 

W. 

1775 

W/B. 

& 

w. 

W/E 

96*4 

61 -S 

2900 

m 

m 

fiO-7 

1402 

20*5 

48*8 

1748 

40i 

m 

S4*0 

1109 

85-2 

26-2 

1800 

m 

A^^ 

17« 

887 

50-7 

7-2 

900 

m 

sh» 

1-0 

542 

^~ 

«*^ 

"^ 

"• 

In  ])Agi)8  257-8  I  give  a  number  of  chaiacteristic  results  of  engns 
teats.  In  each  case  the  engine  may  be  taken  as  working  under  ill 
most  fiivoumblo  conditions. 

In  t^Ach  caso  I  compare  the  result  with  that  of  a  f^rfui  itoM 
ougino  using  tho  same  kind  of  steam.  It  is  right  to  distingiiik 
In^twiH^n  |H'rfoot  non-condensing  and  condensing  engines,  becMM 
thon'  ai\'  t\  givrtt  numl>er  of  cases  where  a  supply  of  water  csnnot  be 
ohtniiunl  for  oontlonsjition  purposes. 

161.  Tli«  WlUaas*  nnl«.  The  cttlculations  of  Art.  158  for  Doo-eondcwiK 
rn^iiuos  Ifsitl  to  a  hntvir  Uw  ct^nnecting  indicated  wmter  per  hour  and  indkitt^ 
hoi^o  )H'x\  or«  if  •*  i«  i>wsi4int.     We  see  the  reason  from  the  foUoving  algebn:' 

Ik,  >(ihei\»  /?  sumls  for  -^^—^^—    <«•  the  other  fanctioB  <rf ' 


*>. 


c 

«     t 


A* 


m\v«  XM  Art.  l.V^ 

%  lxu)«:  Mrv4k^  |vr  minute,  .4  area  of  pistoo  in  aqnare  incfaea.  /  being  k^^ 
«xt  ih^'  Mtxxktr  r.\  iWis  %.  Win^:  vv^ume  in  cnhic  feet  of  1  lb.  of  tlie  sieaai  inhiillT* 
\i  \\t  Ao*.u«4  Yx^aI  i(;o*xu  i«  :  YinMt»  the  iaiioate.i  «t<ttBu  /  Wing  the  \u&a6A 
hvNTw  yv^vr,  *tvi  M*  IK  ihe  vv^i^t  *^  fteam  per  hoar — 


>\\xv 


-  ,V  Ts^  fr.  --  :>>>  1  £-»,^  i^:»u  triti 


1 


tK  4>*rv  -»,•.»       >^  KX    W  An.   *is 


He  v:3:  £n£ 
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Intertiiig  this  Talne  of  — ,  in  the  expression  for  fT,  and  using,  instead  of  p^, 

iu  Taloe  from  the  first  equation 
1  /33000/^     \ 

we  find 

»r=  ^  {-00003 -4/W1  + 8-14- ^  + 7}      ....      (5) 

This  is  of  the  form 

pr  =  /i  +  0/ (6) 

I  osnaUy  take  z  to  be  1  +  our  old  y  of  Art.  159  +  cV  where  c^  is  the  clear- 
uoe  volome  as  a  fraction  of  the  working  volume  of  the  cylinder.  It  is  evident 
that  if  3f  is  of  the  shape  (1)  of  Art.  159,  or  if  it  has  any  shape  independent  of  p^ 
we  have  a  reason  for  the  WiUans'  rule.  In  condensing  engines  z  certainly  seems 
to  depend  npon  Pi;  if  we  had  an  exact  law  it  would  be  worth  while  using  it  in 
tke  abore  woi^,  although  the  elimination  of  Pi  might  not  be  so  easy  as  before. 

It  is  obvious  that  the  indicated  steam  per  hour  is  a  linear  function  of  /. 
if  r  is  constant,  whether  clearance  is  neglected  or  not.  In  Mr.  WiUans*  non- 
cwwiffising  trials  we  see  in  Art.  235  that  y  is  not  a  function  of  pi  and  there- 
fore the  whole  water  per  hour  fF  is  a  linear  function  of  /,  which  is  the  Willans* 
nle.  I  have  found  by  careful  trial  that  the  missing  steam  in  Mr.  Willans'  con- 
HwiBing  trials  is  only  in  one  or  two  cases  approximately  a  linear  function  of  /, 
sad  as  the  indicated  water  is  such  a  function,  the  whole  cannot  be.  Of  course, 
\ht  WiUans*  rule  is  only  an  approximation  to  the  truth  ;  but  when  the  missing 
VBter  is  smaU  in  amount,  the  discrepance  is  small,  as  the  above  algebra  makes 
okmos.  I  would  here  warn  students  of  the  danger  of  assuming  an  empirical 
kw  to  be  true  much  beyond  the  limits  of  the  experiments  on  which  it  is  based. 
I  have  read  mischievous  discussions  as  to  the  meaning  of  the  Willans'  rule  when 
iiimegaiive! 

16S.  Bzarelaes  on  Clearance.  To  see  what  is  the  effect  of  clearance  the 
Kodent  cannot  do  better  than  work  one  or  more  exercises  like  the  following.  In 
•a  actual  indicator  diagram,  we  have  cushioning.  The  actual  weight  of  the  steam 
prasent  just  before  admission  ought  to  be  found ;  and  the  volume  of  an  equal 
weight  at  the  initial  pressure  ought  to  be  subtracted  fi-oni  the  volume  of  the 
clearance  space  itseU  to  get  the  clearance  which  has  the  same  amount  of  evil 
effect  that  we  find  in  these  exercises.  But,  indeed,  this  is  a  small  matter,  and 
there  are  other  small  matters  which  I  might  refer  to,  but  there  i-s  no  use  in 
''yioS  ^  8®^  A  hypothetical  indicator  diagram  which  shall  represent  the 
general  case  better  than  ours  of  Art.  156. 

When  the  piston  passes  through  --th  of  its  stroke  let  cut-otf  take  place. 

Let  c  be  the  clearance  volume  in  terms  of  linear  displacement  of  piston.     Steam 
is  really  cut  off  at  1/rHh  of  its  final  volume,  if 

r»  =(/+  r)/('  +  c)  =  r(l  +  c)/{l  +  cr). 

If  pm  is  the  mean  forward  pressure 

I  +  loir.  »** , ,        X  f 

Pi         ^v        (^  +  0  -  PiC  =  Pmf 

fl+log.  rW,        '•X       *'\  ,1 

;»•  «Pi|—  ^■--(^>+  7J  -  ,|  -pj (»' 

The  work  done  in  one  stroke  is  prAl. 
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CBtf. 


The  volume  of  steam  used  in  one  stroke  is 


Al 
144r 


(-5') 


Thufl,  taking  p^  =  17,  ^  =  112  sq.  in.,  /  =  2  feet,  n  s  100,  dearanco  8  pv 
cent. ,  or  c  /  /  a  '08,  the  student  ought  to  find  for  many  values  of  tlie  ol' 
off,  the  indicated  horse-power,  /,  and  the  weight,  ITlbs.,  of  steam  per  Iwar- 
First,  when  pi  =  200  ;  second,  when  p,  s  150  ;  third,  when  j9|  =  100 ;  Ibntt^ 
when  7>i  =  75  ;  fifth,  when  p^  =  50.  For  each  case  he  ought  to  plot  Um  obh 
connecting  /  and  W  with  and  without  clearance.  These  tables  of  nombenil 
enable  him  also  for  a  particular  value  of  r,  and  letting  Pi  alter,  to  plot  /sad  f. 
Such  curves  carefully  studied  will  give  much  useful  information.  We  azeo^glad- 
ing  all  misffing  steam.     Here  is  a  sample  table,  pi  =  100  : — 


/. 

No  clearance 

'• 

Clearance  8  per 

cent. 

/•. 

1 
1 

w. 

/. 

r        ' 

6 

AU 

715 

49 

1060 

5 

48 

860 

56 

1200 

4 

.Vi 

1070 

64 

1420 

3r> 

(U 

1230 

70 

1580 

8 

72 

1430 

76 

1770 

2r> 

81 

1720 

84 

2060 

»> 

ih2 

2140 

94 

2480 

lo 

llH 

2860 

105 

3200 

KxKRoisK. — In  a  triple  expansion  engine  where  the  low  pressure  cylinder  i 
nino  timo«  XU^  volume  of  the  **  high/'  and  where  the  clearance  in  the  *'high"  s 
'lA  of  its  volumo«  what  i«  the  true  fraction  to  take  for  clearance  in  comptfiix 
With  ,•*  onooylindor  ongine?     Answer.   -Olfi". 

rho  ortivt  oi  oU\^nimx?  is  pivl^bly  suliioienlly  well  illustrated,  unlcttwben 
•  \<  l-*rco.  b\  tho  siiuplor  Assumption  that  the  clearance  volume  of  steam  i« quite 


ri-.r.^.   v.,  ■■  )v 


\    ■    low 


-  \\'      ' 


.1  ;tt  xhi   \sA\\\v.c  o!   v'o.^sv.  v.so.i  ]ht  slroko  is 


144 


1 


;••■) 


J  v.v..  ».^v  ,;   ;.„x    ,  ;,    ^^-o.'kr.       .  ,  .     It  IS  evidcut  that  in  hm 

>■■'<  '  «".    '^'-..'n;  ..'v.   ■'•  t    vr^iv:   .'*  v";oAraTj»^  is  very  nearly  (except  whenri* 
'»••'     .•>*..•«...>■:  \         *  ■*         Iv.r,;:  the  clearance  volume  as  a  fractioairf 


\^i\.  Th*  B^nt  Cut-otr     Ir.  y..::::r.c  Ixfore  beginners  the  con- 

•'-  ■  »  '     ^^     '                  ;'  .    ^.■^.::     ■:■:  t  x|vinsion,    I  represent  botfc 

^  '  '  •  '        M  ^^    V  ^^    ■  :    1  ^    ■.  V».\?.k  pn assure.     It  is  quite  easy  to 

'   •    ''  '  ^^«         V       ,>.:>:.   ..  !n  ir^c  the  total  back  pressure, 

'■"    '•  \  .     ,    .          V                .-^w  vhir.  ; his  value  of  the  expansion 

'    '"   •        .    >> .    K  .      .    .V     .^    ,;y;  .if  sii-am   is  144m,  »,  loe;.  ^^ 

ft 
''•'"'''•     *     •     .*      '  V  ..  :...-,  ^p;^^■*s.  such  as  a  beginnercan 
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rk  oat  for  himself  as  in  Chap.  III.,  shows  easily  the  great  inherent 
ruitages  of  using  a  small  back  pressure,  and,  consequently,  of  using 
deosation.  It  is  easy  now  to  understand  my  remarks  in  Art.  38. 
the  case  of  that  engine,  I  took  a  back  pressure  of  10  lbs.  per 
liie  inch  to  represent  the  effect  of  the  missing  water  when  one 
eulates  work  per  pound  or  cubic  foot  of  steam.  As  we  then  used 
im  of  100  lbs.  per  square  inch,  initial  pressure,  we  ought  to  use 
I  following  values  of  r : — 

CoNDENsixo  Engine. 

To  fet  the  most     per  pound  of  r  ought  t<»  be 


Indicated  work  |  Indicated  steam 

Brake  work  Indicated  steam 

Brake  work  Actual  steam 


NON-CONDENSINO   ENGINE. 


To  get  the  most 


Indicated  work 
Brake  work 
Brake  work 


per  pound  of 


Indicated  steam 
Indicated  steam 
Actual  steam 


100 

-7-3  = 

=  33. 

100 

-r-17 

=  6. 

100 

•^27 

=  3-7. 

r  < 

>ught  to  be 

100 

■r-   17 

=  6. 

100 

^27: 

=  3-7. 

100 

4-37 

=  2-7. 

If  sach  exercises  as  those  of  Chap.  III.  are  worked,  and  the  results 
rfully  studied,  the  beginner  will  learn  a  lesson  which  ought  to  be 
wessed  almost  more  than  any  other  on  Steam  Engine  Engineers. 
''  virtue  of  great  expansion  seems  obvious  to  everybody  at  first 
it  But  it  is  evident  that  even  if  we  only  consider  indicated 
er  and  indicated  steam,  we  ought  not  to  let  expansion  continue 
the  pressure  falls  below  the  back  pressure  p^.     It  will  be  found 

this  will  just  not  occur  if  r  =  p^  /  p^.  When  we  consider 
:e  power  and  indicated  steam,  we  ought  not  to  let  expansion 
inue  till  the  pressure  falls  below  ^^3  -f  /,  if  /  is  the  frictional 
:  pressure,  that  is,  r  =  p^  (p^  +  /).  When  we  consider 
Sited  power  and  actual  steam,  we  ought  not  to  let  expansion 
inue  till  the  pressure  falls  below  p.^  -f  t\  if  r  is  the  number  which 
present  condensation  enters  into  the  calculation  as  if  it  were  a 

pressure.     That  is  r  =  p^  !  {p^  -f  c). 

fThen  we  consider  actual  power  and  actual  steam, — and  although 
instantly  forget  it,  this  is  more  important  than  any  of  the  others 
•  ought  not  to  let  expansion  continue  till  the  pressure  falls  below 
/  +  c,  that  is  r  =  py^  I  (Ps  +  /  -^  <*•) 
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In  all  CMC!  wo  must  cut  off  later  if  we  want  true  eoooomy  nikr 
than  if  wo  morely  consider  indicated  power 

In  fiiot,  in  the  above  example,  to  cut  off  very  early,  say  at  ^id  of 
the  ■troko,  is  to  the  man  who  uses  his  mathematics  in  a  Ibohdi  vif, 
to  got  wondorftil  economy :  we  now  see  that  we  get  the  best  renin 
if  we  out  off  at  from  ^rd  to  ^th  of  the  stroke  if  the  engine  is  eoh 
tionsingi  and  at  flrom  |  to  ^rd  of  the  stroke  if  the  engine  is  noi- 
(Hmdeiming. 

Thon>  aro  many  other  matters  foigotten  by  these  men,  who  qieik 
of  thoir  alwunl  notions  as  Hheoiy,'  and  so  get  true  theoiy  into' 
tiisn^puU^ — tho  most  important  is  this ;— even  if  by  cutting  off  voj 
tNUrl)*  wo  tlitt  gt^  greater  work  per  pound  of  steam,  this  is  only  oae 
kiiui  i>f  iHHmomy,  Thoro  are  other  kinds  to  be  considered,  fir 
ilUltalUH^  tho  iutoro^t  and  depreciation  on  the  cost  of  a  huge  engine, 
whioh  luu^  i«  UHiiig  At  much  lees  than  its  full  power :  this  is  another 
\HmaidomUiui  to  uiako  ^s  cut  off  still  later  in  the  stroke. 

|#a«  I  WM^t  U«  aIh^w  ih^w  tlukt  H  is  not  utcmmxy  to  Mraine  a  ooutiiit  luck 
IMTWMHiw  Mt  n^r»»<ming  tW  fHoik«i  of  ui  cogine  when  wo  ooknlnto  the  beit  r ;  itii 
|kMOlH>*li>'  «•  fNMk>^  K^  «k^  iW^  w\wk  whm  w«  toko  any  nmol  lineor  low  (Art.  144) » 
\XHMMCli«^  K  onU  L    I  «hon  toko  tho  omoi  ynerol  «on. 

U  tho  nnotnl  9««or  te  to  W  aoKretod  ot  tho  end  of  o  Vmm  Hm  tf 
•MMMt*  on«l««|«Kiolly  if  it  i«  Mwh  thot  thoro  it  neoi^y  oo  ninch  friction  oht* 
o\or  Kr  tho  ft^^o^NT  t«oo«mittif\l«  thi*  fhctwei  of  tho  ■hofting  noybo  ni«ewitiit 
l\\  o  Wk  |H:vMMnN  oi!kI  if  >fev  \l««tro  u>  ^  Moxinom  nsefol  power  per  pood  d 
«i«kMiu  >fev  «UKt«ii  u*r  *  Uiirr  >ro:«\«<f  lo  <\hmo40coco. 

\;v»H,'%«V^\ «  tt  'A*r^::l  |v»yc  C"  -■  •/  -  >  wheco  /  is  the  in^lkotoil  power,  a 


>»v  Vvl 


•.    I 


*«•«» 


t.4  ±* 


V.X 


'k    • 


•«w>. 


1I.« 


N.     1 


1.  •• 


^        t 


N.*v   ■•••• 


^  I 


>N  -V 
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ick  preasiire  to  mie  as  representing  friction  is  then  18*4.   And  we  have  the 


Togvt  tlMmost 

per  pound  of 

r  ought  to  bo 

icated  work 
icated  wctrk 
ifnlwork 
fol  work 

Indicated  steam 
Actual  steam 
Indicated  steam 
Actual  steam 

100^17     =5-88 
100^27    =3-70 
100  4- 35 -4  =  2-82 
100 -5- 45-4  =  2-20 

1 
1 

e  see,  in  fact,  that  if  x  is  any  quantity  such  as  *' useful  power,"  or 
tjoal  power,"  or  "yards  of  stuff  woven  "  per  hour,  or  any  other  which  is 
r  fanction  of  /  so  that  x=al-b,  where  a  and  6  are  constants  ;  and  if  p^  is 
Jl  pressure  of  the  indicator  diagram,  and  Pi  the  initial  pressure,  and  if  fi  is 

X  -     . .  ,  the  cut-off  which  will  give  maximum  x  per  poun<l  of  indictUed 

is  given  by 

r  =  Pi-^  {Pi  +  /S). 

r  pound  of  actual  steam  r  =  Pi/ip^  +  c  +  /3). 

15.  In  calculating  the  work  done  per  pound  of  steam,  my  excuse  for  using  a 
prmmmnrm  term  (c)  to  represent  condensation  is  this,  that  it  represents 
facts  not  much  more  unfairly  than  any  other  method,  and  it  lends  itself  at 
i  an  easy  way  of  putting  before  a  beginner  the  evil  effects  of  attempting 
too  much  expansion.  Even  the  student  who  takes  up  the  subject  in  the 
XNTect  way  of  Art.  168  will  be  glad  to  use  this  c  in  thinking  about 
al  problems. 

ras  led  to  its  use  in  the  following  way.  The  late  Mr.  Willans,  as  the 
>f  his  great  observation  and  ex]>crience,  arrived  at  this  rule  for  his  own 
idensing  engines,  whether  single  cylinder  or  compound  or  triple  ex^iansion  ; 
indicated  work  done  per  actual  cubic   foot  of  steam   is  greatest  when 

Mr.  Willans  gave  a  theory  to  explain  the  reasonableness  of  this  rule, 


not  correct  in  my  opinion.     The  following  way  of  looking  at  the 
is,  I  think,  reasonable. 

.    .            1  4-  lotf .  r 
p^hemg  pi  -^^ 7)3 (1) 

;  initial  pressure,  p^  the  indicated  back  pressure,  say  17  lbs.  per  wjuare  inch 
n-condensing  engine,  r  the  ratio  of  cut-off;  the  work  done  in  one  stroke 
th  /  feet,  piston  A  wjuare  inches  in  area  is  p,Al ;  the  cubic  feet  of  steam 

d  to  do  this  work  l)eing  -  —.-.  ,  we  have  ir  the  indicate<l  work  «lone  per 

K>t  of  steam  as 

IT  =  144r/> (2) 

ecause  of  condensation,  we  get  less  than  this  amount.  Let  the  amount 
c  lacking  per  cubic  foot   of  steam  be  x  an<l  write  p«  as  in  <1),  and 


■0  =  I44pi  (1  4  log.  r)  -  144  »7>,  -  T       (3i 
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To  make  te  a  maximmii  by  ohUining  tlM  hmA  raloe  drmm  pat  -^  »  €^ 
0  =  1^-144^.^ (4) 


dr 


Bnt  if  the  ptactkal  role  ie  correct 
vftlne  of  r  in  (4)  we  are  led  to 


wfll  agree  witk  r  »  AaadnaertiMtUi 


dx 


144  X  25  -  14^  -  =- 
or  J-144(a5-ft) 
or  as  71,  =  17,  ^  =  1162,  X  ai  UOSr  +  oMMUnt.    Tkatk.  the  lacking  rak  pa 


cable  foot  of  steam  is  a  linear  foncUon  of  r,  the  ratio  of  eni-olt  a  nk  wUdk 
cannot  be  said  to  be  contradicted  by  experimental  fiuta  if  we  say  that  it  oi 
only  apply  within  reasonable  limits. 

If  there  is  no  condensation,  that  is,  if  a;  is  0,  (4)  gives  va  the  mle  r^pjf^ 
and  it  is  ob\'Joas  that  our  new  rule  is  esuctly  as  if  instead  of  the  orifaaj 
back  pressure  p,  =  17,  we  had  an  additional  back  preseiue  of  8  lbs.  pw^siii 
inch. 

!••.  Since,  then,  my  idea  is  in  agreement  with  the  practical  xaksdapul 
by  Willans  in  his  single-acting  engine,  it  is  worth  while  to  aee  if  it  apsMviA 
actual  experiments  cm  condensaticm  in  cylinders.  I  found  that  it  did  sgveiiaT 
well  indeed  with  the  results  of  Messrs.  Oateley  aaA  Kletofcj  whidi  I  triedinft 
lieoause  I  thought  them  much  more  to  be  relied  upon  than  any  otheft  eicr  mh 
on  the  cylinder  of  a  double-acting  engine. 

Tims  taking  condensation  to  be  represented  by  a  back  preasore  cwthtn, 
if  10  a  work  done  per  cubic  foot  of  steam  as  above 


ir  ss  144{/)i(l  +  log.  r)  -  r(p^  +  c)} 


(1) 


]iut  what  All  experimenter  usually  measures  is  x,  the  part  of  a  whole  cabk 
f(»(it  <if  Nt(>iuu  which  is  missing  at  cut-off. 
From  thiH  |X)int  of  view,  not  using  c. 


»'•  .-:  (1  -  x)144[p,(l  +  log.  r)  -  p,r} 


(2) 


Puttiii>;  (1)  ami  (2)  equal  to  one  another  we  get,  if  p«  =  />] 


_       1  +  log,  r  _ 


P»' 


==  />.r 


(3) 


To  ti'Nt  ihort»fon»  the  worth  of  my  assumption,  we  must  try  under ' 
tMiHMnuHtnniVK  \^o  may  considor  ;>p:  to  be  constant. 

(intoloy  auil  Klotoh  (in  1SS4)  testing  an  engine  with  a  single  unjack. 
»\\hiuhM'  tuul  TorlisH'  \alvo  j^*ar,  c/  ^the  diameter  of  cylinder)  being  18  inc^ 
/  p»r  I  w  uo  I  ho  )^u^th  of  tho  orank>  being  3*5  feet,  obtained  the  following  ree- **^ 
Thrrt'  w.'i*.  not  muoh  NAnntion  of  »|>oiHi. 

t>n  plot  tut);  tho  w-^hios  of  ;>^  for  the  engine,  when  used  as  a  conde**^"'^ 
lUrt*'**'.  «»!»  M|u*i>«sl  |^)H'r  with  ;»,  a*  the  abscissa,!  found  so  f air  an  sppw^^^*** 
Mou  If  .»  ^nn»);ht  lino  thi^t  1  am  vMuvinced  that  there  is  almost  no  better    **/ 
ol  io)MrM>Muu,i:  thoM*  r\'»uUs  than  lo  take  c  as 


1 1 '  I  «li  ^  >ik  Uicn  ct^ndenaing. 
Oi)S|k.  «  hon  iHvn -condensing. 


zvn 
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Tku,  therefore,  to  subject  my  notion  to  a  rather  severe  test,  I  have  calculated 


Pi 

Pi 

r 

n 

P* 

X 

61-5 

4-2 

1-70 

34 

51-20 

•227 

.   68-3 

3*9 

2*26 

34 

50-94 

•271 

fi21 

4-5 

3-03 

34 

38-72 

•339 

491 

3-7 
3-2 

7« 

34 

15-82 

•501 

78-« 

4-81 

35 

38-92 

•352 

86-9 

3-8 

4*85 

35 

31-77 

-478 

53-2 

3-2 

410 

36 

28-08 

-369 

39-8 

3-6 

4-76 

34 

17-82 

-414 

a8-7 

3  5 

.fl3 

34 

11-76 

•412 

;  65-4 

14-7 

2-43 

34 

36  09 

•109 

1   50*4 

14-8 

2-38 

34 

24-71 

•235 

;   40-5 

14-9r    • 

2-49 

34 

16-20 

•159 

»*4 

14-8 

215 

33 

8-51 

•273 

c  or  ptX, 


p^ 
Pi 


116 

•19 

138 

•20 

131 

•21 

79     i 

•16 

13-7 

-18 

152 

•23 

10-4 

•20 

74 

•19 

4  9 

•18 

39 

•06 

5-8 

•11 

2-6 

•06 

2-3 

•08 

Aij  one  accnstomed  to  deal  with  such  experimental  results  will  say  that  the 
dacrepancies  in  Ptx/pi  from  constancy  are  surprisingly  small. 

Messrs.  Matmrj  and  Iioiinc  in  their  famous  experiments  in  1874-5  found 

tkst  the  best  value  of  the  cut-ofF  was  given  by  r  =  1  +  ^.     It  will  be  found  that 

tor  ill  values  of  pi  above  35,  this  really  corresponds  to  our  using  in  the  above 
method  of  calculation,  a  total  back  pressure 

'•*  "^  To'''' 

167.  As  I  have  already  said,  Mr.  ixrillans  used  a  practical  rule  for  best  ex- 
pUttion  in  non -condensing  engines  (single,  compound,  and  triple),  which  really 
w*ie8  to  using  a  total  back  pressure  of  *25.  I  am  sorry  to  say  that  I  cannot  test 
th«  rule  by  his  non-condensing  experiments,  sh  in  very  few  of  them  did  he  let 
Pi  and  r  %'arj*  independently.     His  single-cylinder  results  would  point  to  using  a 

'whoee  value  is  42^  "  ^ 


dVn 


(where  r/»  14'),  only  that  we  may  just  as  well  ^rite 


I03rj 


r  -  1 


<f  \  » 


^ ,  since  he  varied  r  as  well  as  7>|  and  this  last  rule  would  upset  my 


■chetne.     All  his  compound  non-condensing  results  might  )X)int  to  some  such 


rile 


as  r  X 


* "  ■ '  ■  • 

H 


I  have  not  tried  his  condensing  results,  and  I  mention  these  factH  here 
■crely  to  warn  a  student  that  although  the  idea  of  u  back  pressure  (independent 
o(r)as  representing  for  some  purposes  the  etfect  of  condensation  and  leakage, 
ii  exoeedingly  valuable  when  one  is  showing  Wginners  the  limitations  in  the 
^■be  of  mvch  expansion  ;  yet  it  is  not  suthciently  well  established  for  us  to  use 
^  tar  nnch  more  than  this  at  present. 
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19S.  When  we  thought  that  the  miaaing  water  might  be  rt((ardfd  u  if 

were  represented  by  a  back  presaure  f,we  taw  that  the  best  ent-off  wu  gim  by 

^_      Pi 

Pt  +  e' 

and  the  innxiniuiri  n'ork  that  could  be  done  per  pound  of  gleam  wu 

It  BMint  more  oorrect,  nnil  far  gome  kinds  of  engine  it  mu^i,  1  ili 
more  correct  to  calculate  from  tlio  vrvlue  of  </,  where 


If  the  total  8t«am  is  :  times  the  indicated  steam,  the  work  done  pet  pound 


l«  «,lp,(l  +  log.  r)  -  p^~z (11 

Thia  is  a  m&xiuuin  wheu 

s{rJ-P,)  =  Wl  +  l*g.  rl-p.^^     13) 

Haw  kt  a  —  a  4-  fr,  ■>;,  wher«  a  and  0  ma;  ba  fanctionn  of  p,  and  %td 


For  given  valnei  of  f>|  and  p,,  a  and  B.  it  is  eosj  to  Sad  hy  trial  the  bet  nl« 
of  r.     If  thii  best  valne  be  used  it  is  easy  to  aaa  by  inserting  thia  value  of  fjh 

in  the  work  expression,  that  the  work  per  pound  = ii  log.  r. 

I,  When  theiij  is  no  missing  water  the  work  per  pound  is  144  ii,p,  H- 
The  vnlne  of  r  being  pi/Py 

II.  2{  on -condensing  engine,   probably  z  =  I  +  br.      The  work  per  p<i<w 
is  144  11^  log.  r,  and  the  value  of  r  ia  given  by 

ft  _  1       .  ,._   _ 


This  may  be  applied  to  the  oaae  where  there  is  no  mndensed  or  IbW' 
wat«r,  but  there  is  a  clearance  volume,  which  is  the  fraction  c'  of  tlievotiiV 
volume  of  the  cylinde-T,  and  we  simply  nse  c'  instead  of  6. 

O  C 

If,  again,  y  of  Art.   157  is  rj=  »'e  merely  nse  ~j^  +  «'  for  i, 

III.  Condensing  engine  :  =  I  +  r~  so  that  o  =  1  -  api  ~  ' 


nd  the  beat  vnluo  of  r  ia  given  by 


xm 
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ExKBCiSK.  In  a  non-condensing  engine  of  a  certain  size  at  a  certain  speed, 

z  =  1 2  +  -r.     Find  r  to  give  the  best  actual  work  per  pound  of  steam,  letting 
o      8 

the  friction  of  the  engine  be  represented  by  a  back  pressure.     Take  l>s  =  27, 

Pi  3  100,  find  the  best  value  of  r,  and  the  work  per  pound  when  this  best  value 

ii  used.    For  the  best  r, 

1       li  27       ^ 

r-9^^«-^-i00  =  ^- 

Tiking  various  values  of  r,  and  calculating  the  value  of  this  expression,  and 
umg  squared  paper,  I  find  that  r  =  2 '646  satisfies  it  nearly,  and  the  work  per 
poond  is  128  «ip,  log.  2*646  or  124*5  u^pj,  or  54200  foot-pounds.  Now  if  there 
were  no  condensed  water  the  best  value  of  r  would  be  3*703,  and  the  work  per 
poond  <^  steam  would  be  82,000  foot -pounds. 

By  drawing  a  curve  showing  —  g  log.  r  for  various  values  of  r  on  squared 

ptper,  it  is  easy  to  find  those  values  of  r  which  give  to  this  the  value  27//>,  and 
so  we  find  the  following  other  most  economical  values  of  the  cut-off.  I  tabulate 
Abo  r*  as  giving  ijuliaUed  work  most  economically,  and  it  is  interesting  to  com- 
ptre  them  both  with  the  Willans'  rule.  This  shows  why  Case  IV.,  p.  290,  was 
so  oneconomical  with  light  loads. 


ft. 


r    . 


'        •  •  • 
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3-80 

I         • 
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CHAPTER  XVIII. 


TEMPERATURE  AND    HEAT. 


169.  In  the  first  part  of  this  work  I  have  usually  expressed 
temperature  on  the  Fahrenheit  scale  because  all  practical  enginees 
use  that  scale.  I  am  sorry  that  this  should  be  so,  as  scientific  mes 
both  of  the  English  and  other  races,  calculate  in  and  think  accoidiii; 
to  the  Centigrade  scale.  To  the  average  practical  engineer,  this  is 
of  no  consequence  because  he  cares  nothing  about  Physical  Science, 
and  as  he  never  calculates  (except  in  that  sense  in  which  anj 
shopkeeper  may  be  said  to  calculate)  he  rather  welcomes  artificial 
obstructions  to  calculation,  and  it  is  astonishing  how  much  obstractico 
is  caused  by  that  obnoxious  32°. 

To  the  one  or  two  engineers  who  are  interested  in  science  it 
does  not  matter  either,  because  they  use  both  scales  readily; 
but  it  is  of  enormous  consequence  to  young  men  trained 
scientifically,  because  even  a  small  thing  like  this  will  graduallj 
create  a  disinclination  to  keep  up  their  acquaintance  with  physical 
science. 

It  is  imperative  that  the  young  engineer  should  think  in  the 
scale  which  he  practically  uses,  but  the  disadvantages  of  the  use  of 
either  scale  by  itself  are  so  great  that  during  the  writing  of  this  book, 
all  temperature  measurements  have  been  altered  from  one  scale  to  Ae 
other  four  times.  I  have  therefore  come  to  the  conclusion  that  in 
ii^oneral  heat  problems  I  will  use  either  scale  indifferently  and  in 
practical  steam  engine  problems  I  will  incline  rather  to  the  use  of 
Fahrenheit.  1  would  use  onlv  the  Fahrenheit  scale  if  it  were  nol 
that  I  want  no  readei*s  who  are  ignorant  of  chemistry  and  physics, 
and  thov  must  have  used  only  the  Centigrade  scale  when  studying 
thoso  subjoets.     I  am  glad  to  say  that  I  know  of  no  science  class 
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'    text  book  on  these  subjects  in  which  the  Fahrenheit  scale  is 
)ed. 

Steam  from  water  boiling  under  atmospheric  pressure  is  at  a 
mperature  called  100**  C.  or  212**  F.  The  temperature  of  melting 
5  is  called  0  ®C.  or  32®  F.  These  two  points  being  marked  on  a 
ercurial  thermometer  (and  every  beginner  ought  to  make  a 
ermometer  for  himself  and  graduate  it  and  compare  it  at  various 
mperatures  with  a  good  standard  one),  the  volume  between  is 
vided  into  180  equal  Fahrenheit  or  100  Centigi*ade  degrees.  Hence 
is  that  if  /  is  a  Fahrenheit  reading  and  c  is  a  Centigrade  reading 
r  the  same  temperature 


/-32_ 


c 


180         100 

If  this  equation  is  remembered  there  is  no  difficulty  in  changing 
»  once  from  one  kind  of  reading  to  another.     It  may  be  written 

c  =  ^(/»32)or/=32  +  |c 

Or,  in  words,  32°  F.  and  0®  C.  correspond ;  212'  F.  and  100®  C. 
mespond.  Therefore  subtract  32  from  the  Fahrenheit  reading, 
lultiply  by  5,  and  divide  by  9,  and  we  have  Centigrade  reading.  Or 
lultiply  Centigrade  reading  by  9,  divide  by  5,  add  32,  and  we  have 
ahrenheit  reading. 

Any  change  in  a  reading  Fahrenheit  multiplied  by  5  and  divided 
y  9  gives  the  same  change  in  the  reading  Centigrade. 

To  get  absolute  temperature  Fahrenheit,  add  4607  to  the 
rdinary  reading.  To  get  absolute  temperature  Centigrade,  add 
73*7  to  the  ordinary  reading. 

1.  Convert  the  following  readings  to  Fahrenheit.  At  atmospheric 
i^eflBore  mercury  freezes  —  39*4**  C,  ice  melts  0**  C,  greatest  density 
r  water  4**  C,  blood  heat  366°  C,  water  boils  100'  C,  red  heat 
W  C.  cast  iron  melts  1530°  C. 

Angwers.  -  38-9^  F.,  32"  F.,  39*2'*  F.,  979°  F.,  212°  F.,  969°  F.. 

r86T. 

i  What  is  the  C.  equivalent  to  a  difference  of  temperature  of  15 
I  the  F.  scale  ?    Ansicer.  8*33.° 

Change  the  following  readings : — Polished  steel  is  of  a  deep  blue 
kmr  at  580**  F.,  pale  straw  colour  at  460°  F.;  sea  water  freezes  at 
•  F.     Afuwers.  3045°  C,  23775°  C,  -2  2°  C. 
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Change  the  following  Centigrade  temperatures  and  quantities 
heat  (see  Art.  175)  to  the  Fahrenheit  scale. 


Sulphur     

Mercury 

Oil  of  turpentine 

Water 

Alcohol 

Bromine 

Bisulphide  of  carbon 
Ether     


Boiling  point*  at 

atmospheric 

proMure. 


444  5"  C. 
350 
159-3 
100 

77-9 

58 

46-2 

34-9 


i      Latent  heat  of  Ratio  o(  toIubm 

,  vapour,  aboTe  atmo- 1   rapour  to  volofl 
i    spheric  pressure,    j  of  uquld  per  pea 


Centigrade  heat 
units. 

62 

74 
536 
202 

45*6 

86-7 

90-4 


m 

1696 


298 


170.  The  latent  hea 
or  142  Fahrenheit.*,  i  wouJ 


tpffusipnof  icei 
Id  eive  a  table  o 


Centigrade  heat  u 
e  latent  heats  of  foi 


of  some  other  substances,  but  inasmuch  as  good  authorities  give  qi 
diflferent  numbers  it  seems  on  the  whole  better  to  leave  them 
altogether.     Rankine  gives  500  as  the  latent  heat  of  fusion  of 
and  Box  gives  26*6.     Rankine  gives  148  for  spermaceti,  Box  4 
M.  Person  gives  the  empirical  formula  for  substances  generally 

i  =  (A'2-J5ri)(^C  +  160) 
or  i  =  {K^-K^)  (^F+256) 

where  K^  and  K^  are  the  specific  heats  in  the  solid  and  liquid  st 
and  0  the  temperature  of  fusion  at  atmospheric  pressure,  i,  the  lal 
heat  of  fusion.   Regnault's  latent  heat  of  steam  is  in  Centigrade  u: 

Z  =  605-6-0-695  ^-3-3x10-7(^-4)5 

change*  this  to  Fahrenheit.     Answer.  L  =  1091*7  —  0  695  {$  - 

-103x10-7(5-39)3. 

Commonlv  we  use  in  Fahrenheit  units 

L  =  966-0-7  (5-212)  or  1092-07  (5-32)  or 
1114-4-0-7  6  or  14368- 6-7  t 

change  these  to  Centigrade  units  and  also  to  foot-pounds. 

Rankine's  formula  for  saturated  steam,  i^  being  in  lbs.  per  sqii 
foot,  and  t  the  absolute  temperature  Fahrenheit  (t  =  6^  F.+46( 

is 

B       C 

•og.io-P  =  «-28203-  ^  --, 

where  log.jo  B  =  3441474,     log.^^,  C  =  5-583973 
alter  these  to  Centigrade  and  pounds  per  square  inch. 


TO  TEMPERATURE   AND   HEAT  305 

Many  temperatures  are  stated  in  this  book,  sometimes  on  the 
ihrenheit,  sometimes  on  the  Centigrade  scale ;  convert  them  into 
e  other  scale.  For  example  test  the  numbers  given  for  tempera- 
res  in  the  Tables,  Art.  180.  It  will  be  observed  that  I  use^for 
t  ordinary  and ^<  for  the  absolute  temperature  on  either  scale. 

171.  Ezpansion  of  Solids  and  Iiiqulds.  The  linear  ex- 
tnsion  of  bodies  by  heat  is  practically  proportional  to  the  rise  of 
mperature.  The  values  of  a,  the  co-efficient  for  linear  expansion 
he  fractional  increase  in  length  for  a  rise  in  temperature  of  1° 
entigrade),  are  siipposed,  I  have  no  doubt  quite  incorrectly,  to  be 
je  fdlowing  numbers  divided  by  10* : — Aluminium,  2*34  ;  copper 
'79;  gold,  1*45  ;  iron,  1*2  ;  lead,  2-95;  platinum,  0*9  ;  silver,  1*94; 
in,  2-27  ;  zinc,  29 ;  brass  (71  copper  to  29  zinc),  187  ;  bronze  (86 
upper  to  10  tin  to  4  zinc),  1*8;  German  silver,'  1*8  ;  steel,  I'll  ; 
rick,  0*5;  glass,  0*9;  granite,  0*9;  sandstone,  1*2;  slate,  1'04;  box- 
»ood  (across  the  fibre),  6*1 ;  boxwood  (along  the  fibre),  0*3 ;  oak 
Mnns),  5*4  :  oak  (along),  0*5 ;  pine  (across),  3*4 ;  pine  (along),  0*5. 

The  co-eflScient,  k,  of  cubical  expansion  is  three  times  the  co- 
ftdent  of  linear  expansion,  because  (l+af  =  l+3a,  is  practically 
soiTCct  for  these  small  values  of  a.  The  average  values  of  k  between 
^and  100°  C.  are  the  following  numbers  divided  by  lO': — Alcohol, 
li6:  mercury,  0*18  ;  olive  oil,  08 ;  petroleum,  104  ;  pure  water,  0*43 ; 
set  water,  0*5.  Column  7  of  the  table.  Art.  180,  gives  more  exactly 
4e  volume  of  water  when  subjected  to  the  pressure  corresponding  to 
itt  temperature. 

The  student  is  supposed  to  have  worked  many  exercises  like  the 
Mowing  ones : — 

1.  Steel  rails  at  0**  C.  have  an  aggregate  length  of  1  mile.  What 
8  the  length  at  33^  C.  ?     Answer.  1  mile  23*2  inches. 

i  A  vertical  column  of  water  12  feet  high  is  heated  from  4°  C. 
*o  210'  C.  under  steam  pressure.  If  its  section  remains  constant, 
•hat is  its  increase  in  length  ?     Amwer.  20G feet. 

o/Acylindric  plug  of  copper  just  fits  into  a  hole  4*  diameter 
>Bt  piece  of  cast  iron.  After  heating  the  mass  to  1240°C.  byhow 
•wh  is  the  diameter  of  the  hole  too  small  for  the  plug  ?  Aiisicer, 
^893  inches. 

*^  4  A  bar  of  iron  is  70  centimetres  long  at  0°  C.  What  is  its  length 
in  hoiling  water  (100°  C.)  ?  What  is  its  length  at  50°  C.  '(  Answer, 
fM84,  70042. 

5.  Two  rods,  one  of  copper,  the  other  of  iron,  measure  J)8  eenti- 
Betmeachat  0*C. ;  what  is  the  difference  in  thc»ir  lengths  at  57"  C.  i 
Isfinrr.  -033  on. 

x 
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6.  Bails  of  wrought  iron  each  30  feet  long  are  laid  dovi 
the  temperature  of  lO""  C.  What  space  is  lefk  betweai  ereiy 
if  they  are  intended  to  close  up  completely  at  40*"  C.  ?  Am 
013  inch. 

7.  A  wrought  iron  connecting  rod  is  12  feet  long  at  10*  C.  ^ 
is  its  increase  in  length  at  80""  C.  ?    Answer^  0*121  inch. 

8.  An  iron  Cornish  boiler  33  feet  long,  the  shell  at  0*  C,  the 
at  lOO""  C. ;  what  would  the  difference  of  length  be  if  the  flue  i 
not  prevented  from  expansion  ?    Answer,  0*475  inch. 

9.  A  steel  pump  rod  1,000  feet  long,  what  is  its  change. of  la 
for  a  change  of  10  Centigrade  degrees  ?    Answei\  1*33  inch. 

(  (Ojin  a  thermometer  '01  cubic  inch  of  mercury  at  10"  ( 
reraised  to  15*"  C,  and  rises  1  inch  in  the  tube.  What  is  the  ci 
I  section  of  the  tube  ?     Ansiver,  9  X  10"^  square  inch. 

11.  The  volume  of  a  mass  of  iron  being  5  cubic  feet  at  10°  C, 
its  volume  at  80"*  C.     Anstver.  5*0126  cubic  feet. 

1712.  Expansion  of  Oases.     Many  gases  follow  closely  a 
which  is  said  to  be  the  law   for  a  perfect  gas,  namely,  that 
quantity  of  gas  at  the  volume  Vq,  pressure    (absolute,  that  i 
vacuum  is  the  zero),  Pq,  and  absolute  temperature,  t^,  changes  to 
and  t,  then 

t    -    t. 

When  we  deal  with  1  lb.  of  gas,  the  constant  quantity,  vpjt,  is  a 
A*,  and  it  has  the  vahies  given  in  Art.  187  for  various  gases,  r  b 
in  cubic  feet,  ^)  being  in  lbs.  j)er  sq.  foot,  and  t  being  abs( 
Centigmde  temperature.  When  we  deal  with  any  other  quai 
than  1  lb.  of  stuff,  or  any  other  units  of  pressure  and  volume, 
remains  constant,  but  this  constant  is  no  longer  the  R  of  the  tabl 

Exercises. 

i       -L  A  cul)ic  foot  of  gas  at  27''  C.  is  heated  to  137''  C,  and  an 
"  variable  ]>ressure  is  maintained  bv  using  a  movable  piston  in&\ 
from  the  containing  vessel ;  what  is  the  new  volume  ?    Ayistcer.  1 
cubic  feet. 

.2.  If  in  the  hvst  question  the  i)ressure  becomes  half  what  it 

before  (shown  by  using  the  proper  weights  in  loading  the  pistoi 

"     it  becomes  twic(i  as  great,  or  if  its  new  pressure  is  to  its  old 

V      what  are  the  corresponding  volumes  ?     Ansvjcr,  2'734,  0*683, 

"K      3.  Air  goes  into  a  furnace  at  1G°  C,  and  reiiches  the  chL 

'03"  C.     The  chimnev  contains  2,200  cubic  feet  of  this  hot  a.: 
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le  difference  between  the  weight  of  this  hot  air  and  of  an  equal 
of  cold  air  ?     A  cubic  foot  of  air  at  0°  C,  and  at  the  ordinary 
mre,  weighs  0807  lb.     Armver,  126*5  lbs. 

Ly  500  litres  of  hydrogen  at  60  C,  and  a  pressure  of  750  railli- 
■es,  being  cooled  to  20**  C.  under  840*  mm.,  what  is  the  new 
me  ?     Answer,  892  litres. 

K  100  cubic  feet  of  steam  at  100^  C,  and  15  lbs.  pressure,  is 
ed  to  160"*  C.  at  17  lbs.  pressure :  what  is  its  volume  ?  Answer 
4  cubic  feet.  The  student  will  notice  that  the  steam  is  super- 
ed. 

173.  The  following  measurements  of  pressure  and  volume  were 
e  upon  a  gaM  engine  diagram  in  1883  from  the  beginning  of 
compression  until  the  exhaust  opened.  Assuming  that  the 
unt  of  stuff  remained  constant,  and  that  it  behaved  like  a  perfect 
throughout,  find  the  temperatures. 

rhe  actual  scales  of  v  and  p  are  unimportant.     The  temperature, 
*  C,  where  v  =  25  before  compression  began,  is  the  only  tempera- 
known  beforehand ;  calculate  the   temperature  at  every  other 
it.     One  of  my  students  found  the  following  answers : — 


Compression. 

Iguition  AiK 

1  expansion. 

V. 

JK            1 

e'  c. 

1 

10 

45-2 

210 

45-2 

210 

10-4 

__ 

123-2 

1096 

10-6 

— — 

— 

157-7 

1515 

10-8 

■— 

181-7 

1825 

11 

39-7 

194 

188-2 

1943 

12 

357 

185 

166-2 

1860 

13 

32-2 

175 

146-2 

1759 

14 

29-7 

171 

129-7 

1669 

16 

24  7 

150 

105-7 

1536      • 

18 

21 

131 

87-2 

1406 

20 

19-5 

144 

742 

1308 

23 

58-7       '         1171 

25 

147 

120 

1                        f 

Plot  the  values  of  p  and  v  to  scale  on  squared  piper. 

Plot  also  the  values  of  the  temperature  and  of  r. 

Piot  also  log.  p  and  log.  v  on  squared  pajKM*  to  see  if  the  expansion 

f^e  follows  any  such  law  as  ^n?'  =  consUint.     Also  see  if  the  com- 

Wion.  curve  follows  some  such  law.     Some  of  my  students  plot 

teoQperature  and  time,  assuming  simple  harmonic  motion  and 

reirolutions  per  minute. 

X  2 


\ 
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1 74.  Exercise.  It  is  sometimes  said  that  the  weight  of  a  cul 
foot  of  steam  is  about  |th  of  the  weight  of  a  cubic  foot  of  air  at  t 
same  temperature  and  pressure.  This  is  fairly  true  except  with  hi 
pressure  saturated  steam.  But  for  high  pressure  steam,  if  we  w« 
an  easy  rule  of  this  kind  we  had  better  use  *6546  instead  of 
Calculate  the  volume  of  I  lb.  of  air  at  each  of  the  following  pressui 
and  temperatures;  divide  by  '6546,  or  multiply  by  1*528  and  co 
pare  with  the  values  for  steam  taken  from  the  table,  Art.  180. 
we  use  p  in  lbs.  per  square  inch  we  must  divide  95*67  (the  R  giv 
for  air  in  Art.  187)  by  144 ;  multiplying  by  1*528  we  get  the  volui 
of  -6546  lb.  of  air  as  t?  =  1015  t/p.    Use  t  =  5+273*7. 


1 

Temp. 

rc. 

100° 

C. 

120^ 

C. 

140*' 

C. 

160" 

C. 

ISO** 

C. 

200** 

C. 

>  ProMure  in  lbs.  per 
aq.  inch. 


14-70 
28*83 
52  52 
89-86 
145*8 
226^ 


Volume  of  1  lb.  of 

steam  from 

Table  180. 


Volume  of  1*528  lb. 
of  air. 


26-43 

25-8 

1404 

13*9 

1             7*993 

7-99 

4-828 

4-90 

3-065 

3-16 

2-0.30 

2-12 

1 76.  The  Meaiurement  of  Heat.  This  subject  must  renu 
quite  unknown  to  all  students  who  get  their  information  by  m( 
reading.  What  I  write  is  merely  to  remind  students  of  some  of  t 
facts  learnt  by  them  in  their  study  of  heat. 

Heat  which  is  measured  by  C  units  on  the  Centigrade  scale  is 

G  F 

units  on  the  Fahrenheit  scale  if  -— -   =  — — .     To  convert  heat  in 

lOU  loO  ", 

foot-pounds  we  multiply  by  Joule*s  equivalent,  which  is  774  or  l^J 

Exercise  1.  A  unit  of  heat  is  the  heat  given  to  1  lb.  of  water 
raise  its  temperature  1"*  Centigrade  ;  what  is  the  heat  required 
raise  3  lbs.  of  water  through  30  of  the  F.  degrees  ? 

Answer,  50  centigrade  heat  units. 

Exercise  2.  The  latent  heats  of  1  lb.  of  water  and  1  lb.  of  steal 
(at  atmospheric  pressure)  are  respectively  79  and  537  Centignd 
units  ;  convert  these  into  Fahrenheit  heat  unit& 

Answer,  142  and  967  units. 

Exercise  3.  How  many  Fahrenheit  and  Centigrade  heat  unit 
(as  used  by  Regnault)  per  second  and  per  minute  correspond  t 
1  horse-power  ? 

Answer,  0712,  42*75  Fahr.;  0396,  2375  Cent 

For  academic  exercise  work  the  student  may  use  the  foUowio 
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numbers.  The  heat  energy  required  to  raise  m  lb.  of  any  solid  or 
bquid  substance  n  degrees  in  temperature  is  7n7is  units  of  heat  if  a 
is  the  specific  heat  of  the  substance  as  given  in  this  table. 

Sabstance.                         Specific  heat.  SiibstAnce.  Specific  heat. 

Brass  or  brooate 0088         Aluminium 0*214 

89  copper  +  11  aluminium      0'1(H    I    Copper 0*092 

German  silTer 0095         Gold 0-030 

Roee's  and  Wood's  alloys       0'a36     I    Cast  steel,  hard 0*119 

Glass  (crown) 0161     1  „  soft 0*117 

,,     (flint) 0*117         RoUed  steel 0*116 

Wood -5  to  7     '     Iron  (wrought) 0*11 

Ice 0*5        ■       „     (white  cast) 0*13 

Carbon -25      I       „     (grey  cast) 0*122 

Coal -2  to -25    1    Lead 0*03 

Olive  oil 0*471         Mercury 0*033 

Petroleum 0*511  Platinum,  0°  to  1000**  C.  .    .  0*032 

Sea  water 0*938 

Gases  at  Constant  Pressure. 

Air -238 

Oxygen -218 

Hydrogen 3*406 

Superheated  steam  (doubtful) *37  to  *48 

Carbonic  oxide 0*245 

Carbonic  acid 0*216 

The  specific  heats  of  some  other  gases  are  given  in  Art.  187. 
In  the  case  of  very  expansible  bodies  like  gases  it  is  very  important 
to  note  that  heat  given  during  a  change  of  state  depends  on  some- 
thing more  than  on  the  change  of  temperature.  Cp  of  Art.  187 
means  the  specific  heat  if  the  pressure  is  constant,  Cr  if  the  volume 
is  constant  during  the  rise  of  temperature. 

Example.  3  lbs.  of  mercury  at  96°  C.  is  thrown  into  2  lbs.  of  water 
U  5*  C. ;  what  is  the  temperature  of  the  mixture  ? 

Let  «"*  C.  be  the  common  temperature.  The  water  rises  through 
^—5*  and  therefore  receives  2(a;  — 5)  units  of  heat.  The  mercury 
fidls  96— a:*  and  therefore  gives  out  3(96  — a:)  x  033  units  of  heat. 
Patting  these  quantities  equal  we  have  2(.f— 5)  =  3(96  — a:)x  033, 
and  wefindx=9''-33C. 

ExampU.  1  lb.  of  iron  at  its  welding-point,  1,500**  C,  is  thrown  into 
100  lbs.  of  water  at  0"*  C. ;  find  the  temperature  of  the  mixture.  Let  x* 
be  the  temperature  of  the  mixture,  and  since  about  122  is  the  mean 
specific  heat  of  iron  (l,500-x)x  -122  =  .^  x  100,  from  which  a;  =  l'*83 
the  answer. 

EXEKCISES. 

ds/A  ton  of  air  at  630°  C.  at  the  ordinary  pressure  is  passed  through 
i  oil  originally  at  7*  C.    The  air  is  allowed  to  sink  to  58**  C.    How  much 
oil  will  it  raise  to  the  temperature  of  28''  C.  ? 
Anmotr.  30,800  lbs. 


( 
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2.  How  much  wrought  iron  will  be  raised  from  18®  C.  to  30*  C.  with 
the  heat  given  out  by  3  tons  of  water  sinking  from  60*  C.  to  30'  C.  ? 
Answer,  68*3  tons. 
/      ^pWhile  1  lb.  of  air  at  700"*  C.  is  passing  round  a  superheater,  it 
\  sinks  to  430°  C.     What   weight  of  dry  steam   will  this  raise  from 
T   100**  C.  to  140**  Cat  the  pressure  of  one  atmosphere?  (KdA  what 
/     will  be  the  new  volume  of  the  steam,  supposing  steam  to  have  Jth 
of  the  density  of  air  at  the  same  temperature  and  pressure  ? 
Answer,  3*346  lbs. ;  100*4  cubic  feet. 

4.    Twenty  grammes  of  carbonic  oxide  at  680  **C.,  and  at  tbe 
ordinary  pressure,  is  passed  through  a  kilogramme  of  water  at  0**  C, 
and  escapes  at  the  temperature  of  30**  C. ;  what  will  be  the  temper- 
ature of  the  water  ? 
Answer.  3*1 85^ 

(b^  How  many  units  of  heat  are  required  to  raise  the  temperature 
of  1  lb.  of  air  from  20°  C.  to  600°  C.  ?  What  will  be  the  volume  of 
the  heated  air  ? 

Answer,  138  04  ;  39*6  cubic  feet. 

6.  What  will  be  the  relative  capacities  for  heat  of  the  same 
volumes  of  air,  carbonic  oxide,  steam,  and  hydrogen,  at  the  same 
pressures,  if  their  densities  are  14*4,  14,  9,  and  1  respectively  ? 

Answer,  All  equal. 

7.  What  is  the  capacity  for  heat  of  a  cubic  foot  of  air,  and  hence 
(Exercise  6)  of  a  cubic  foot  of  any  other  gas  at  the  ordinary 
temperature  and  ])ressure  ? 

Answer,  *0192  heat  units. 

From  the  answers  to  Exercises  6  and  7  just  preceding,  it  w 
seen  that  a  cubic  foot  of  any  gas  requires  the  same  anumnt  of  heat  to 
raise  its  tciiiperaturc  one  degree  as  a  cnhic  foot  of  air  requires,  provided 
we  have  the  same  pressure  at  all  times  in  both  eases.  This  amount  of 
heat  is  expressed  by  the  deciinal  0192,  when  the  air  is  at  the 
ordinary  pressure  and  temperature. 

1 76.  Iiatent  Heat.  The  work  done  by  heat  in  the  molecules  of  a 
body  is  not  always  measurabU*  jis  a  rise  of  temperature,  for  heat  may 
enter  into  a  bcnly  doing  work  an)ong  the  molecules  without  raismg 
the  tempemture.  A  mass  of  ice  may  absorb  much  heat,  its  tempera- 
ture iii'ver  rising  abovt*  0°.  In  fact,  heat  may  enter  into  ice,  doing 
work  among  its  inoltruhs, converting  it  into  water, the  melting bemg 
the  onlv  indication  of  the  ontranco  of  hrat. 

Latent  heat  is  (he  heat  which  enters  into  a  body  without  incnaii^J 
its  tewjteraturc.  Icing  necessary  for  its  co7idition,  or  in  producing  * 
changt*  in  the  state  of  aggregation  of  its  molecules. 
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I  we  say  that  the  latent  heat  of  water  is  79^ve  mean 
aelt  a  quantity  of  ice  at  0**  C.  without  raising  it  in  temper- 
[oires  as  much  heat  as  would  raise  the  temperature  of  an 
igbt  of  water  79  degrees. 

*  water  at  0"*  and  1  lb.  of  water  at  79**  C,  when  mixed,  form 
irater  at  39***5  C. ;  but  1  lb.  of  ice  at  0**  and  1  lb.  of  water  at 
m  2  lbs.  of  water  at  0°  C,  the  water  having  fallen  in  temper- 
degrees  to  melt  the  ice. 

3  same  way  we  say  that  the  latent  heat  of  1  lb.  of  steam  is 
we  measure  the  amount  of  heat  necessary  to  raise  1  lb.  of 
in  0*  to  100**,  it  will  take  about  5*36  times  this  measured 
)nvert  the  whole  of  the  water  into  steam  under  atmospheric 

condense  all  the  steam  from  1  lb.  of  water  boiling  at  the 
pressure  of  the  atmosphere,  by  passing  it  into  a  large  vessel 
Iter,  it  will  be  found  that  the  steam  has  given  up  536  units 
1  condensation,  besides  a  certain  amount  of  heat  in  passing 
rom  100°  to  the  new  temperature  of  the  water  in  the  cistern. 
lult  found  that  the  total  quantity  of  heat  in  1  lb.  of  steam — 
le  numl)er  of  units  of  heat  which  it  is  capable  of  giving  out 
Ki  at  constant  temperature,  and  then  cooled  to  0"*:  —  was 
5  +  '305  0,  where  d°C.  is  the  temperature  of  the  steam, 
it  heat  and  other  properties  of  steam  not  at  atmospheric 
ire  more  fully  considered  in  Arts.  180 — 1. 

■r 

pfe.  How  many  poimds  of  ice  at  0°  C.  will  be  melted  and  raised 

ature  to  9**  C.  by  J>0  lbs.  <»f  wattT  at  87°  C  falling  in  tempera- 

C.  I     Let  there  be  .'  lb.  of  ice,  then  the  heat  received  by 

latent  heat       to  raise  to  f)°C. 

given   out  is  ?)0  x  78,  hence  J)0  x  78  =  70./-  -|-  !b\  from 
=  79-77  lbs. 

EXEHCISES. 

w  much  ice  will  be  converted  into  water  at  4°  C.  by  G  lbs. 

It  70'  C.  ? 

r.  4*77  lbs. 

len  10  lbs.  of  water  is  converted  into  steam  at  atnujspheric 

(low  manv  units  of  heat  doos  it  take  from  the  source  of  heat 

V 

unding  bodies  r    /%\4^    C-f*  ^ 
r.  5,360  units. 
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3.  6  lbs.  of  superheated  steam  at  122''  and  atmospheric  pressure 
is  passed  into  1,250  lbs.  of  water  at  4*  and  20  lbs.  of  floating  ice 
at  0*" ;  to  what  height  will  the  water  be  raised  in  temperature  ? 

Answer.  5°'7  C. 
r    (^20  lbs.  of  saturated  steam  at  144°  is  converted  into  water  ai 
-|30';  how  many  heat  units  has  it  given  out  ?    (-3  Y^  aaa^J 
V_    Armcer,  1,2410.     *  '    ' 

5.  20  lbs.  of  steam  from  a  boiler  at  the  pressure  of  1|  atmospheres 
condenses  in  passing  into  1,735  lbs.  of  water  originally  at  the  tem- 
perature of  16° ;  what  is  the  new  temperature  of  the  water  ? 

Ansiver.  23°-2  C. 

6.  600  lbs.  of  mercurj'  at  130°  C,  and  723  lbs.  of  olive  oil  at 
110°  C,  are  poured  into  a  vessel  containing  165  lbs.  of  water  at  O'C, 
and  20  lbs.  of  floating  ice ;  what  will  be  the  temperature  of  tk 
mixture  ? 

Armver.  70°-5  C. 

177.  The  speclflc  heat  of  a  substance  is  usually  not  at  all  constant  Thai 
ice  from  -  78'  C.  to  C*  C.  has  an  average  specific  heat  '463,  but  from  —  21'  to 
0'  C.  it  is  0  502.  Of  aluminium  at  about  20'  C.  it  is  0-2135,  whereas  about  3001:. 
it  is  -2401.  Copper  about  if  C.  is  -090,  whereas  about  300'  C.  it  is  •0985.  Ibe 
best  wrought  iron  about  15^  C.  is  1091,  whereas  about  200'  C.  it  is  '1249 ;  aboit 
850' C.  it  is  -218,  about  1,100'  C.  it  is  200,  and  it  has  the  extraordinarily  hi^ 
value  of  -3243  about  700*  C. 

All  the  values  of  the  specific  heats  of  substances  quoted  by  me  are  vitiited 
by  uncertainty  as  to  their  cliemical  purity  and  the  specific  heat  of  the  wtXxt 
with  which  they  were  compared.  1  give  the  received  values,  knowing  their 
untrustworthiness,  which,  liowever,  is  not  verj-  important  in  ortiinary  sttiffi 
engine  calculations. 

The  heat  required  to  raise  a  pound  of  water  one  degree  may  1)€  taken 
to  be  1  -f  10  ~^  6'  in  Centigrade  units  and  on  the  Centigrade  scale; 
1  +  .3  09  X  10-"  {e  -  39)-  in  Fahrenheit  units  and  on  the  Fahrenheit  sak 
These  empirical  fornmhv  may  be  taken  as  according  with  Regnault's  measiif^ 
ments.  It  is  difficult  to  say  exactly  what  these  units  of  heat  mean,  becaost 
Regnault  did  not  pay  much  attention  to  the  variation  in  the  specific  heat  of 
water  below  100"  C. 

The  latest  determination  of  the  average  heat  energy  required  to  raise  (ne 
pound   of  water  one  degree  (called  Joule's  Equivalent)  from  0^  C.  to  lO".' C., 
is  by  Professor  0.   Reynolds,  and  is   1,.399  foot-pounds;  or  for   1  gramme  ii  i» 
0*995  calorie.     One  calorie,  the  heat  required  to  raise  1  gramme  from  lO'C.  to 
11'  C,  is  4-2  Joules  or  4-2  x  hf  Ergs.     The  heat  from  20'  C.  to  21°  C.  is  h^^ 
of  one  per  cent.  less.     Regnault's  value  of  h  in  the  table,  Art.  180,  shows  tie 
heat  given  to  one  ])ound  of  water  to  raise  it  to  $'  C.  under  the  constant  presno* 
corresponding  to  that  temperature.     The  best  thing  in  m}-  power  is  to  DOt»* 
that  Regnault's  heat  given  to  water  from  0  to  UK3'  C.  is  lOO'o  units.  AcconiDl 
to  Reynolds,  this  is  1,39,9<K>  foot-pounds,  and  so  I  shall  take  one  of  what  I**" 
Regnault's  units  to  be  1,.39.3  (or  774  on  the  Fahr.  scale)  foot-pounds.    Thtf*'* 
no  present  possibility  of  comparing  the  Reyuolds's  measurement  with  tbo**^ 
carefuUv  maile  between  lo'  C.  and  25   C.  by  Rowland  and  Griffiths. 
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1T8.  I  must  warn  stadents  that  the  tables  of  numbers  given  in  engineering 
books  as  the  heat  properties  of  water  and  steam  and  other  substances  are  generally 
vnng ;  often  very  greatly  wrong.  The  tables,  pages  320 — 3,  have  given  me  and 
one  of  my  aasistants  (Mr.  D.  Baxandall)  an  enormous  amount  of  trouble,  because 
ve  ventured  once  or  twice  to  assume  numbers  to  be  correct  which  we  found 
pablifthed  in  treatiaea  and  scientific  papers  by  the  most  noted  of  English  and 
American  and  other  writers.  It  is  particularly  annoying  when  a  result  of  thiK 
dependence  on  others  is  the  necessity  of  altering  some  hundreds  of  scattered 
ctlcolations.  I  am  sorry  to  say  that  one  writer  on  whom  I  usually  place  great 
retianoe  has  increased  Rankine's  n  of  the  table,  Art.,  180,  in  the  ratio  778/772. 
I  have  joat  shown  that  the  ratio  ought  to  be  774/772,  and  this  is  what  I  have 
owd. 

It  may  be  remarked  that  almost  all  calorimetric  measurements  made  until 
quite  recently  are  open  to  suspicion,  if  for  nothing  else  than  the  errors  of  the 
tfceiiOMfctleia*  Now  that  the  German  Reichsanstallt  is  improving  the  glass 
Mnufactnre,  it  may  be  hoped  that  in  time  thermometers  of  mercury  in  glass 
nay  be  depended  on  to  give  alwa^-s  the  same  reading  at  the  same  temperature. 
For  all  temperaturea  and  for  the  most  exact  readings,  practical  men  will  find 
the  "  Electrical  Resistance  of  Platinum "  thermometer  better  than  any  other. 
A  handy  "  Thermal  Junction  "  thermometer  reading  in  degrees  of  the  h^^drogen 
tbennometer  is  greatly  wanted.  There  is  a  (Temian  gloss  mercury  thermometer 
of  the 'ordinary  kind  which  reads  to  1022**  F.,  or  550"  C,  with  considerable 
iccaracy,  using  a  zero  correction. 

In  time  our  meaaurement  of  temperature  will  probably  be,  not  by  marks  on 
•n  instrament  ahowing  expansion  due  to  heat,  but  by  the  pressure  of  some 
vapour  or  vapours.  The  melting  points  of  various  substances  in  degrees  on 
the  air  thermometer,  furnish  the  best  standards  for  practical  men  at  the 
pueut  time. 

Rowland  has  shown  that  when  O''  C.  and  UH)"  C.  are  the  same  on  the  air  and 
■wrcury  (in  glaaa)  thermometers,  the  readings  /'  C.  (air)  and  7^  C.  (mercury)  are 
connected  by 

t  =  r  -  at{\(tO  -  t){h  -  t) 

vbere  a  and  6  are  constants.     Thus,  with  sonic  kinds  of  glass, 

rt  =  44  X  10-»,  />=  2(><>. 

It  ia  to  be  remembered  that  a  mercury  thennonieter  has  its  stem  l>etween 
the  0*  C.  and  100'  C.  marks  divided  into  parts  of  cijual  volume. 

A  mercury  thermometer  kept  for  five  hours  at  a  high  tenii)erature  will  often 
have  ita  freezing  point  of  water  depresstMl  one  to  two  degrees,  but  it  will  recover. 
After  forty  yeara  of  use  a  mercury  thermometer  may  read  1**  C,  instea<l  of  0'  C. 
In  fairl}'  exact  work  the  stem  is  supposed  immvrseil  to  the  level  of  the  top  of 
the  mercar>' ;  in  the  most  exact  work  the  whole  thennonieter  is  supposeil  to  be 
at  the  aame  temperature. 

But,  indeetl,  remarks  like  this  are  mislea<ling.  The  errors  of  English 
thennoaietera  are  verj'  great,  and  must  remain  great  until  we  have  a  physical 
laboratory  which  will  do  for  our  heat  measurements  what  Whitworth  did  for 
oor  meaaurements  of  length.  The  glasses  uae<l  differ  greatly,  and  even  the  l^est 
thennoaietera  at  Paris  and  Berlin  show  remarkable  secular  changes  of  l)ehaviour. 
Riaea  of  7*,  or  more,  cx-eur  after  exposure  to  high  temperatures,  so  that  all 
readinga  have  to  be  checke<l  by  taking  an  ice  reading  aftcn»-ards.  That  pressure 
oodBcienta  moat  be  URe<l  is  obvious,  if  one  remembers  that  even  the  effect  of  the 
of  the  mercury  column  itself  is  very  evident  when  we  change  a  ther- 
from  its  vertical  to  a  horizontal  position ;   and  barometric  preaaure 
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alters  fsometimes  in  these  islands  by  3^  inches.  It  is  true  that  at  the  1 
International  thtoy  are  able,  with  a  vtrre  dur  glass  mercury  thennomet< 
possibly  at  Berlin,  to  get  readings  which  approach  those  of  the  hyt 
thermometer  with  errors  ±  *002"  C.  ;  but  it  is  absurd  for  any  experim 
using  English  glass  mercury  thermometers  to  pretend  to  a  greater  accurac 
a  tenth  of  a  degree. 

Dr.  Harker,  of  Kew  Observatory,  has  given  me  the  latest  comparii 
gas  and  mercury  verre-dur  thermometers.  From  his  curx^es  I  give  the  foil 
readings  for  the  same  temperatures.  The  initial  pressure  in  the  gas  tl 
meter  is'l  metre  of  mercury,  and  changes  occur  at  constant  volume.  Tl 
reason  to  believe  that  the  difference  between  the  hydrogen  and  tiitrogei 
(const,  vol.)  in  no  case  exceeds  0*1"  C.  below  600"  C.  The  numbers  for  t 
scale  are  somewhat  doubtful. 


Mercury 
VeiTo-dur. 

Nltrojfon. 

Hydrogen. 
-  19-828 

Alr. 

• 

-  20"  C. 

-  19-841 

-10" 

-9-934 

-9-927 

r 

0" 

0 

0 

0 

10* 

9-954 

9-948 

9-949 

20" 

19-925 

19-915 

19923 

30" 

29-9<»9 

29-898 

29*904 

40' 

39-903 

39-893 

39-898 

.50" 

49-906 

49-897 

60° 

59-915 

59-910 

70" 

69-929 

69-928 

1 

74" 

73-935 

73-935 

9             1 

80^ 

79-948 

79-950 

90" 

89-971 

89-975 

» 

100" 

1(H)- 

100- 

iiio*       1 

CHAPTER  XIX. 

PROPERTIES   OF   STEAM. 

179.  Squared  paper  is  now  in  very  common  use  to  show  how 
<MW  thing  depends  upon  another.  I  assume  that  students  have 
•Iready  used  it  to  express  the  results  of  experiments  in  a  mechanics 
«  heat  laborator}'. 

The  following  experiment  must  be  made  by  every  student  who 
H)es  to  understand  the  steam  engine. 

Get  a  little  boiler  with  some  water  in  it  and  a  gas  flame  to  heat 
^t  with.  Most  of  the  air  must  have  been  driven  out  by  escaping 
^t««n  before  the  following  observations  are  made.  There  nmst  be  a 
^ty  valve.  A  thermometer  (its  bulb  protected  so  that  pressure 
^1  not  alter  its  readings)  measures  the  tt^mperature  of  the  steam. 
h  is  worth  while  to  have  two  thermometers,  one  reading  Centigrade, 
^he  other  Fahrenheit.  A  Bourdon's  j)ressure  gauge,  whose  construc- 
tion is  describe<l  in  Art.  110,  may  be  used  for  the  roughly  correct 
^measurement  of  pressure.  I  use  also  a  mercury  gauge  which  may 
^  graduated  so  as  to  measure  the  absolute  pressure  ;  the  outer 
**Dd  of  the  tube  being  close<l  and  cijutaining  air  kept  at  constant 
^^mperature  by  a  bath.  It  is  an  ordinary  part  of  the  work  in  a 
'^^hanical  laboratory  to  test  the  readings  of  pressure  gauges  by 
^h^*  use  of  a  column  of  mei-eurv  and  cistern  gauge,  and  in  accurate 
*ork  a  barometer  must  be  observe*!  for  th<j  atmospheric  pressin*e  at 
^ketime.  I  shall  quote  only  the  absolute  pressure.  The  first  thing 
*hich  the  student  ought  to  note  is  that  when  the  tempemture  is 
^^*C.  the  pressure  is  2H'H  lbs.  per  s^juare  inch,  and  if  the  tempera- 
^"iPe  alters  and  comes  back  again  to  120°  C.  the  pressure  returns  to 
^H.  He  will  make  out  a  table  showing  what  the  pre.ssures  are  for 
^^^y  temperatures,  so  that  by  means  of  it  he  knows  the  pressure  of 
*€tm  for  any  temperatun*  if  the  steam  is  in  the  presence  of  water 
rwhat  we  call  saturati»<l  stram.     This  is  a  very  important  fact,  and 
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shom  that  a  thenncaneter  may  be  used  on  a  boiler  instead  of »  ' 
presrore  gange  to  tell  what  tli^  pressure  is,  but  of  course  n  It^le  rf  ' 
the  oorrespondtog  numbers  is  Deeded.  The  student  ought  to  veii^  " 
Golomns  1  and  2  of  Table  L  or  of  Table  II.  These  tables  an-  dne  »  ' 
tiie  very  careful  measoremeotg  uf  Regnault. 

Now,  having  his  table  of  Jiumbers.  let  a  student  get  a  sheet  nf  ' 
squared  paper.  Such  sheets  in  which  the  length  in  17  inches  nni 
the  breadth  is  10  inches,  dividod  into  tenths  of  an  inch  «■>  thit 
these  are  horizontal  and  vertical  lines  forming  little  square  f^ 
one-tenth  of  an  inch  in  side,  ruay  be  bought  for  sixpence  a  quire. 
tStak  off  a  scale  of  temperatures  horizontally  and  another  of  fna- 
Sana  vertical!;.  Any  scales  will  do,  depending  upon  the  ranges  flt 
values  in  our  experimental  numbers,  Now  plot  a  point  for  the 
temperature  120°  C.  and  the  pressure  288  lbs.  per  square  inch:  and 
each  point  in  the  curve  mailed  P  and  S,  Fig.  216,  represents  ow 
pair  of  observed  numbers.  Having  plotted  all  such  poiul-s  \i$e  i 
thin  batten  of  wood  to  help  in  drawing  the  curve  which  pas«t 
through  all  the  points.  If  there  are  errors  of  obser\'atioii.  tbeir 
probable  values  will  be  seen  when  we  have  drawn  the  oune  whicb 
lies  mott  mtnly  among  the  points.  The  curve  not  only  represents 
Uie  observed  numbers,  but  corre.sponding  valuta  of  temperature  an) 
pressures  lying  between  the  observed  ones. 

There  are  some  men  who  keep  cur\'es  of  this  kind  hanging  up 
on  the  walls  of  their  rooms  tm-  ready  reference,  not  merely  to  shd" 
how  pressure  and  temperature  of  steam  depend  upon  one  anothrt, 
but  many  other  corresponding  r|uantities.  Every  morning  you  »i!i 
find  in  the  newspaper,  curves  showing  the  heights  of  the  barometer 
and  of  atmospheric  temperature.  &c.,  at  various  times,  A  merehaDt 
plots  the  price  of  silk  or  cotton  yarn  or  copper,  showing  by  cunes  ho* 
it  varies  from  day  to  day. 

Squared  paper  is  peculiarly  valuable  to  the  engineer,  A  curve 
shows  at  a  glance  the  general  nature  of  the  relationship  of  one  ihinj 
to  another,  and  if  it  is  drawn  to  a  large  enough  scale,  there  is  often 
as  much  accuracy  as  with  a  tabh-  of  numbers.  Besides,  a  table  dw 
not  give  one  the  interraediato  values,  and  it  ia  troublesome  soim- 
times  to  interpolate.  The  cun  e  shows  to  the  eye  the  rate  of  increi* 
also,  of  one  quantity  relatively  u>  the  other. 

180.  In  a  laboratory  for  th<*  use  of  students  of  the  steam  engiw 
there  is  supposed  to  be  simple  iijipiiratus  for  measiiring,  not  raera, 
pressures  above  that  of  the  atmosphere,  but  leas  pressures,  and  ifc 
some  of  the  other  columns  of  numbers  shown  in  Tables  I.  and  IL,Al.  _ 
'80,  and  it  is  only  by  such  measurement  that  a  student  gets  a  gs* 
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vorking  knowledge  of  thepropertiet  of  steam.  Of  course  there  are 
men  of  genius,  one  in  a  century,  who  may  know  of  things  through 
mere  reading ;  but  the  engineering  world  is  getting  too  much  filled 
op  by  men  whose  knowledge,  or  rather  ignorance,  of  practical  physics 
is  due  merely  to  reading.  One  cannot  in  a  few  ^ words  describe  why 
tctual  observation  should  be  so  necessary  for  true  knowledge ;  pro- 


Degrees  Centigrade. 

Fn;.  21rt. 


ZOO 


W)ly  a  lying  witness  after  a  simple  cross-examination  by  a  skilful 
^nirter  would  be  able  to  describe  it  easily  enough. 

There  is  no  better  practice  for  the  student  than   to  plot   the 

^•rioM  columns  of  numbers  given  in  the  following  table,  so  that  one 

>»y  find  the  value  of  jp,  n^  H,  /,  ^  for  water  or  ^  for  steam,  rapidly, 

fcr  any  value  of  the  temporaturo  or  for  any  value  of  the  pressure. 

Some  of  these  are  shown  in  Figs.  216  and  217.     Notice  how  p 

loereases  more  and  more  rapidly  as  d  increases,  and  how  /  regularly 

'  'les  as  9  increases.     Table  11.  is  obtaine<l  from  Table  I.  by 
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interpolation.     Very  often  it  is  a  definite  pressure  that  is  giv< 
we  wish  to  find  the  other  properties,  and  then  such  a  table 
found  valuable. 
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Fi.i.  'JIT, 


Although  the  properties  of  water-steam  used  in  the  steam  c 
are  tabulated,  it  sometimes  siives  trouble  to  use  Regnault  s  foi 
in  many  calculations.     These  are  : — 

Total  heat  of  a  pound  of  steam  if  at  ^C.  or  ^  F.,  ab 
tempeniture  being  i 

-  ^^  -        or.-  A  I  1"  Centigrad 
.     .     H  =  522-5  -f  305  /  J  '^ 


(1)     • 


e  un 


The  heat  for  water  from  0H\  to  ^°C.  may  be  taken  to  be 
A  =  5  4-  •()()()02  e-  -f  0000003  ^* ....     (2) 

The  latent  heat  /  is 

1=^  H-h     .     .     .     .     (8) 


un: 
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In  almost  all  calculations  on  the  steatn  engine  we  may  take  A]^as 
equal  to  0  on  the  Centigrade  scale  or  to  ^  —  32  on  the  Fahrenheit 
scale,  so  that 


(4)    .     . 


i  =  606-5  - -695  ^  I  ^     ,.       , 
I  =  796-2  -  -695  t  f  Centigrade. 


I  =  1114   -  -695  0 
I  =  1433  -  -695  t 


} 


Fahrenheit. 


It  is  convenient  in  this  place  to  give  other  formulae  which  we  are 
likely  to  employ  in  our  heat  calculations. 

Rankine  s  formula,  probably  the  most  accurate,  is 


(5) 


Where,  if  2^  is  in  pounds  per  square    inch,  and  t  is   absolute 
temperature  Fahrenheit,  we  have 


Log.  n,  U. 


*'<»»?•  10  c. 


^•ter  anil  steam    .    .    . 

Alcohol 

Ether    .   *. 

BiwJphMle  of  carbon  .    . 


6  1(K)7 
5-8123 
5-4148 
5-1854 


3-48()42 
3-312:W 
3-.S14Jh2 


5-59873 
5  75323 
5-21706 
5-21839 


With  Centigrade  temperature  subtract  -25527  from  log,B,  and 
51054  from  log,  C. 

A  fairly  accurate  fommla,  of  easy  upplicatioii,  is  that  of  Professor  Unwiii 

P  i^  in  pounds  per  scjuare  inoli, 

1  .MH  N » 
log.,o7>  =  5Ho31  -     ^^,,, (0) 

'^ '  is  absolute  temperature  Falirenheil  ; 

orlog.  i„;>-5S031  -    *^- (6) 

''' i«  absolute  temperature  C.'enti>;ra<le. 

A  formula  sometime!)  used  is  tiiis,  /»  being  in  atn)(»{)heres, 

,  _  -^  ^'-  -   -1-       -^  <'  -  J"'' 

log-  10 />  -  .»  ^   y:  ^  .j^j-i  ---  .»  ^  (,  ^  o.,!.-     ...(') 

There  are  formula*  often  used  whieli  are  »)f  tlie  t  vjm? 

;>  =  ri(a  +'/,r (8) 

^here  a,  6  and  r  may  l)e  found  from  the  table  by  n  trlass  of  students.  In  many 
cases  «  is  taken  as  5.  Hut  any  value  of  r  1>etween  5-7  and  4*7  may  l)e  taken, 
•od  ralues  of  6  and  a  are  eaHily  found  which  will  give  u  useful  fommla.     It  is. 
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however,  easy  to  show  that  no  iucb  formala  can  be  satisfactory  ;  for,  il 
true,  then  p  ,   ought  to  be  a  linear  function  of  t.     Now,  xaj  stadenta  1 


SjUsiDg  the  method  of  E> 


"dp"' 
culated  J-   very  carefully  from  Regnault's 

128,  and  tliey   have  plotted  thejvaluee  of  V^  and  9  on  squared  p*] 

they  do  not  get  a  straight  line :  the  departure  from  a  linear  law  is  very  t 
I  therefore  use  {«)  only  when  1  wish  to  interpolate,  but  when  I  wish  to 
calculate  p  from  t,  or  t  from  p,  I  use  the  Rankine  formula,  or  in  leas  i 
work  1  use  (6)  or  (7). 

In  Art.  366  we  see  how  to  calculate  w  the  volume  in  cub 
of  a  pound  of  steam  at  the  pressure  p  lbs.  j>er  square  inch, 
values  so  calculated  are  given  in  our  table.  We  find  that 
numbers  satisfy  the  rule 

j>h'"»"=479     ....     (9) 

181.  Imagine  A  (Fig.  218)  to  be  a  cylinder  of  one  equal 
in  cross  section  with  a  piston,  containing  one   pound  of  \ 


■toff,  and  let  us  sujipose  it  to  bo  suiToundt'd  by  a  bath  which 
it  at  any  known  temperature. 

The  total  load  on  the  pi.'*ton,  including  its  own  weight, 
27;t7*()  lbs.,  I  know  thnt   the   noriiinl   atmospheric  pressure 
SllO'-t  lbs.  ]K>r  (Hjuare  fi>ot  thert-  is  a  total  downward  pressure  w 
w.iti-rof  4,85+lbM.  |KT  siiuiuv  foot,  or  :W'7l  lbs.  per  square  inch, 
if  the  bath  and  water  were  originally  at  0'"  C,  the  water  stuff ' 
liquid,  if  the  water  is  niised  gradually  in  temperature  to  125* 
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et5  a  little  larger  in  volume,  but  this  small  change  of  volume,  and 
Hfeed,  the  whole  volume  of  the  water  I  shall  neglect.  The  heat 
iren  to  the  water  is  called  h  in  the  table,  and  is  1256  units,  or 
J5"6  X  1,393  foot-pounds.  The  bath  is  supposed  to  keep  the 
mperature  of  the  stuff  exactly  at  125°  C.  in  all  that  follows,  and 
erefore  our  changes  must  proceed  very  slowly.  The  slightest 
fiening  of  the  load  will  cause  the  piston  to  rise  and  part  of  the 
Iter  becomes  steam,  and,  although  the  temperature  remains 
nstant,  the  bath  must  give  heat,  called  latent  heat  to  the  stuff. 
hen  as  shown  in  C.  the  stuff  is  all  steam,  it  has  received  from  0°  C. 
e  total  heat  644*5  units,  called  H  in  the  table.  That  is,  it  has 
ceived  the  additional  heat  called  latent  heat,  519  units,  called  I  in 
e  table,  being  H  —  h.  The  smallest  increase  of  pressure  will  cause 
e  piston  to  £Bdl,and  as  the  bath  keeps  the  temperature  constant  at 
15*  C.  the  steam  becomes  water  again,  giving  up  its  latent  heat. 
I  the  state  B,  suppose  that  there  is  04  lb.  of  water  and  0*6  lb.  of 
earn  at  125**  C,  the  water  has  received  the  total  heat  A  x  '4 
id  the  steam  JET  x  '6,  so  that  the  total  heat  of  the  pound  of 
uff  is  easily  calculated,  and  if  we  start  in  the  condition  A,  all  water 
^  O^C,  and  get  to  the  condition  B  at  125°  C,  it  is  this  total 
moant  '4  A  +  "6  H,  which  has  been  given  to  the  stuff  from  the 
ath. 

It  is  well  to  remember  that  the  steam  has  not  this  total  amount 
f  cnoig}'  in  it,  for  although  it  has  received  this  or  (4  A  -h  6  -H" 
393  foot-pounds,  it  has  done  work  on  the  piston,  whose  amount  is 
^  X  the  change  of  volume.  Now,  I  shall  neglect  the  volume  of 
it  water,  and  the  volume  of  one  pound  of  this  kind  of  steam  is 
•  12  cubic  feet,  so  that  the  increase  of  volume  has  been  0*6  X  12*12. 
tnce  to  get  the  actual  energy  in  our  pound  of  stuff  we  must 
ibtract  4,854  x  0*6  x  1212,  or  35,800  foot-jwunds. 

1811.  I  have  sometimt^s  had  tables  printed  giving  the  values  of 

and  A  and  I  in  ftM)t-pounds ;  every  H  and  h  and  /  of  Table  I., 

1.  180,   being  multiplied  by   1803,   Joules   Equivalent;    but   in 

actice  I  find  that  evervbo<ly  prefers  to  use  heat  units.     The  value 

u  was  calculated  bv  Rankine  from  the  thermodvuamic  formula — 

t  366.      The  values  of    /    have  been  worke<l  out  bv  niv  students 

(it  "      " 

in  Ex.  7,  Art.  128,  and  tabulated  after  correction  bv  a  curve.  The 
iemal  work  done  by  the  steam  in  its  formation  is  pu  foot-jxmnds,  if 
8  in  pounds  per  scjuare  foot :  I  have  converted  it  into  heat  units  by 
iding  by  Joule's  Ei|uivalent.  I  have  subtractwi  this  from  I£ 
find  the  intrinsic  energy  J?,  or  energ}'  actually  possessed  by  a 
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CHAP. 


pound  of  steam  in  excess  of  the  energy  possessed  by  a  pound  of 
water  at  0**  C. 

183.  In  Chap.  XXIII.  I  endeavour  to  describe  the  use  of  ^ 
and  <f>g.  <f>w  is  the  entropy  of  a  pound  of  water  calculated  as  in  Art 
208 ;  (l>g  is  the  entropy  of  a  pound  of  steam.     It  in411  be  seen  that 

Hatent  heat 


<l>8  =  <l>te   + 


absolute  temperature 


The  student  must  understand  that  <f>„  and  ^^  are  properties 
possessed  by  a  pound  of  water  and  by  a  pound  of  steam, 
respectively. 

Example.  What  is  the  entropy  of  1  lb.  of  water-steam  containing 
0*4  lb.  of  water,  and  0*6  lb.  of  steam  at  125°  C.  ?  Answer  (see  Table  l). 
One  way  of  working  is  to  say  04  x    380  +  06  x  1'680  =  1160 


:s^ 


p 


Km..  210. 


ranks.  Another  equally  good  is  to  say: — There  is  the  entropy  ^f 
1  lb.  of  watiT  at  125**  C,  or  0880,  and  addition  of  entropy  due  to  the 
formation  of  06  lb.  of  steam,  or  06  x  the  latent  heat  519  divided 
by  the  absolute  temperature  8J)0. 

Curves  P  and  Q,  showing  the  values  of  0^  and  4>t  for  even'  tern- 
j)erature  in  the  table,  are  usually  drawn  by  my  students  (see  Fig- 
21  J))  upon  somewhat  larger  and  more  expensive  squared  paper  th«D 
what  thev  use  for  ordinarv  calculation. 

Intermediate  curves  are  also  drawn,  dividing  every  horizontal 
distance  between  P  and  Q  into  ten  equal  parts.  Indeed,  some  of 
my  students  who  use  the  6  (f)  diagi-am  for  many  practical  purpoew, 
divide  the  spaces  into  many  more  parts  than  ten,  so  that  for  example 
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n  the  above  case  they  have  only  to  look  for  the  line  APQ  which 
^^iresponds  to  125°  C;  they  take  SQ  sls  04  of  QF,  so  that  the 
oint  S  represents  the  state  of  the  pound  of  water  stuff  given 
kove. 

A  carefully  prepared  0<f>  diagram  will  also  have  rawn  upon  it 
anres  of  constant  volume  for  a  pound  of  mixed  steam  and  water. 
t  will  also  have  curves  of  constant  volume  and  pressure  of  super- 
lated  st^am  as  described  in  Art.  205.  I  find  that  a  blackboard 
ith  all  these  lines  upon  it  is  very  useful.  The  lines  of  the  squared 
iper  are  especially  useful  as  the  area  of  each  square  represents 
leigy  (see  Art.  203). 

184.  The  numbers  in  the  last  two  columns  of  Table  11.  are 
eacribed  in  Art.  214,  1st  case.  For  example  take  100  lbs.  pressure. 
i  perfect  non-condensing  engine  using  the  Rankine  cycle  would 
se  18'54  lbs.  of  this  steam  per  hour  to  produce  one  horse-power, 
nd  this  number  serves  as  a  standard.  Thus,  suppose  some  non- 
Miclensing  engine  to  give  one  horse-power  for  25  lbs.  of  such  steam, 
re  should  say  that  its  efficiency  as  compared  with  the  most  perfect 
M)n-condensing  engine  using  such  steam  is  1854  -h  25,  or  0*7416, 
»r  74*16  jicr  cent. 

It  is  the  fashion  just  now  to  use  this  kind  of  standard.  A 
*tter  one  is  illustrated  in  the  following  exorcise : — 

Exercise.  Feed  water  is  supplied  tu  the  boiler  at  60°  F. ; 
W  lbs.  of  steam  at  100  lbs.  pressun*  are  used  per  hour  per  brake 
'wse-puwer.     What  is  the  efticiency  ^ 

The  total  heat  of  1  lb.  of  such  steam  is  1,182  in  Fah.  units. 
>abtracting  60  —  32,  or  28,  wo  get  1,154  units  as  the  heat  given  to 
>nn  each  pound  of  steam,  or  1,154  x  »S0,  or  34,020  units  per  hour, 
wone  horse-power  is  33,000  x  00  ~  774,  or  2,558  heat  units  per 
wir,so  that  the  efficiency  is  2,558  -^  34,020,  or  073!),  or  7*39  por 
■fit.,  a  ven'  different  sort  of  answer  from  the  hist. 

The  student  will  find  it  well  at  this  point  to  work  the  exercisos 
^en  in  Arts.  248  and  249. 

In  my  steam-water  calculations,  I  ahnost  always  neglect  the 
tame  of  water  present.  In  other  calculations  wc  neoil  to  know 
e  volume  of  a  jKmnd  of  wator  (si'o  Table  I.).  At  onlinary  tem- 
ntu res,  about  60*"  F.,  wo  take  010  cubic  foot.  At  the  following 
tnperatures  we  multiply  010  by  the  following  numbei-s: — 

L>12   F.  or  Un)  C.  multiply  by  IMU 
284' F.  or  14<J' C.  ,.  '     *    1U8 

3,%^  F.  or  mi  C.  „  1-13 

392'F.  or  200  C.  ,.  1*16 
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Rankine  gives  the  following  formula  for  the  volume 
feet  of  one  pound   of  liquid    water  at  any  absolute   Fa 
temperature  t : — 

Exercise.  A  cylinder  is  12  inches  diameter.  The 
bounding  surface  of  the  clearance  space,  including  the  are 
piston,  is  350  square  inches.  What  is  the  total  area  expo( 
cut  off  takes  place,  if  the  crank  is  1  foot  and  cut  off  takes 
one-third  of  the  stroke  ?  If  the  initial  steam  i^  120  lbs. 
what  is  the  weight  of  indicated  steam  ?  If  35  per  cent,  of  t! 
admitted  is  condensed,  what  is  the  weight  of  condensed  stea 

Take  twice  this  quantity  of  water,  and'  imagine  it  spreac 
the  surface  exposed  at  cut  off,  what  would  be  the  thicknes 
water  ?  What  thickness  of  cast  iron  would  have  the  same 
for  heat  as  this  thickness  of  water  ?  If  the  exhaust  prea 
4  lbs.  per  square  inch,  what  thickness  of  iron  would  be  chanj 
the  exhaust  to  the  admission  temperature  by  the  same  ai 
heat  as  the  difference  in  total  heat  of  the  condensed  steam  ? 

Exercise.  In  one  stroke  0*7  cubic  feet  of  steam  at  1 
supplied  to  a  cylinder  during  yV^'^  ^f  ^  second.  Half 
condensed.  The  exposed  area  of  metal  is  450  square  inches 
temperature  is  nearly  constant  110°  C.  How  much  heat  ei 
metal  per  second,  per  square  c  m  of  surface,  per  degree  diffii 
temperature  ? 

This  steam  is  617  cubic  feet  to  the  pound,  so  that  '0 
condensed.     In  condensing,  each  pound  gives  out  the  heat 

()06-5  4-  -305  (150)  -  110,  or  542  units,^ 

.so    fhat    the    heat   given    to    the    metal    is   30*9    units.      T 

exposed   is   450  x  (j'45  scjuare   c  m,  and  the  answer   is   ( 

30*9  X  15 
,^  '     *     .^        ..or  004  units  of  heat  per  second  per  squai 
450  X  6  45  X  40  *  t^      m 

metre  per  degree  difference  of  temperature.  This  is  tweE 
the  greatest  emissivity  observed  between  a  small  polishei 
ball  and  the  atmosphere,  and  such  a  ball  owes  half  its  eraif 
having  a  great  curvature  of  surface,  so  that  the  above  ni 
about  forty  times  what  we  might  have  expected  the  emissiv 
between  air  and  polished  metal. 

185.  If  a  jx)int  P  is  given,  to  draw  through  it  a  curve 
representing   the   pressure  and  volume  of  a  quantity  of  s 
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steam  where  PB  represents  pressure  and   PA  represents  volume, 

to  any  scale. 

Find  the  pressure  represented  hy  PB :  let  it  be,  say  89*86  lbs.  per 

quare  inch  ;  PA  is  given  in  inches  as  the  linear  representation  of 

he  volume.     Let  F^F  represent  the  pressure  6921    to   find    OF. 

Ve  note  that 

>/     vol.  of  1  lb.  of  steam  at  69-21     6153  u     *k     *  vi  ^u  *  «« 

.»= — i — iT^r-n ;: ttttttt:  =  t-pttt.  by  the  table,  SO  that  as 

*B     vol.  of  1  lb.  of  steam  at  8986     4*816     ^ 

^  B  is  known,  0  F  can  be  found. 

In  this  way,  using  the  tables,  we  can  find  0  F  for  any  pressure 
ad  plot  the  point  F^  and  so  get  the  saturation  curve  PF^N^,  I 
refer  this  method  of  drawing  the  curve.  It  may  be  more  tedious 
ban  some  other,  but  it  keeps  one  in  touch  with  necessary  ideas  con- 
oning  the  properties  of  steam. 

I  do  not  know  to  what  extent  the  following  exercises  are  worth 
kuig  by  students. 

Expansion  ctirves  in  Steam  and  Gas  Engine  Cylinders, 

It  often  happens  that  we  are  asked  to  draw  a  p,  r  curve  through  the  point 
Ptoch  that7>r'  is  constant,  where,  for  any  point  /''  on  tlie  curve,  the  diBtance 
Of  represents  r  to  some  scale,  and  the  distance  FF^  represents  jt  to  some  scale. 
It  is  not  necejwary  to  pay  any  attention  to  these  scales. 


Ki.j.  ■-"-•0. 


<fliven  /*.     Draw  /*/»  at  ri^ht  angles  to  or. 

Take  poinln  F.  ^^  //,  /,  J,  J/,  .V,  *c.,  at  distances  from  O,  U,  1  J,  2,  -2^.  3 
3|,  4,  or  Ac.  times  O  //. 

Thus,  suppfxM;  OM  is  3^  times  O//, 

To  find  Af^  th*'  c4MTrs|M>nding  jKiint  in  the  curve, 
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Set  off  oh  =  1  along  Op,  to  any  convenient  scale,  say  ob  =  I  inch. 

Join  P  b  and  produce  to  L. 

Choose  the  column  of  numbers  on  the  following  table  under  any  particu 


value  of  k  that  may  be  given.     Thus,  if  k  is  0*9,  then  as 


OM 
OB 


is    3^, 


om 


find    — ^  =  0*324,  and  hence  we  set  up  om  as  0*324  inch  if  ob  is  1  inch. 

Join  Lm  and  produce  to  m".     Project  horizontally  and  vertically  from 
and  M  to  find  the  point  M'  which  is  on  the  cur\'e. 

A  number  of  points  like  M  ought  to  be  set  ofif  at  starting,  so  that  the  poi 
like  m  may  be  set  ofif  rapidly. 

In  Fig.  220  we  wanted  to  draw  the  curve  pt^*'  constant  through  the  gi^ 
point  P. 

We  made  ob  =  1,  o/=  -818,  og  =   CW,  oh  =  -536,  oi  =  -438,  and  so  on, 
numbers  in  the  column    headed   *9  in  our  table,  and  so  found  all   the  poi 
quickly  on  any  scale  whatever. 

We  give,  among  other  values  of  k  in  our  table,  k  ^  I  *0646,  that  st« 
saturation  cur\'es  may  be  easily  drawn  :  k  =  l*130,because  this  gives  a  fain 
proximation  to  many  adiabatic  curves  (see  Art.  21 1),  when  little  water  is  pre« 
at  the  beginning  of  the  expansion.  We  give  k  =  1  '3  and  k  =  1  *414,  becaose  tl 
are  the  adiabatics  for  superheated  steam  (?)  and  for  air  ;  also  we  give  X*  =  1  '37, ' 
cause  it  is  the  adiabatic  for  the  usual  mixture  found  in  gas  and  oil  engine  cylindc 

k  =  I  gives  the  rectangular  h^^perbola  ;  the  curve  of  expansion  of  perf' 
gases  at  constant  temperature,  easily  drawn  in  other  ways. 

It  is  a  good  exercise  for  the  student  to  draw  all  these  curves  to  a  Ui 
scale  from  the  same  point  P,  so  that  he  may  have  a  working  notion  of  l 
dififerences  between  them. 


•7 

*8 

•9 

1*0 

1  ()646 

11 

1130 

12 

13 

I  37 

1*4 

1 

H 

•855 

•837 

•818 

•800 

•789 

•782 

•777 

*7(i'> 

•748      " 

"737 

732 

• 

H 

•753 

•723 

•694 

•667 

•649 

•641) 

•632 

615 

•590 

•674    i 

567 

• 
( 

2 

•016 

•574 

•536 

\HH) 

•478 

•467 

•4,')7 

•435 

407 

387 

•379 

1 

h 

•527 

•481 

•438 

•400 

•377 

•365 

'355    ; 

•333 

•304 

285    1 

•277 

«t 

3 

•44)3 

•415 

•372 

333 

•311 

•2t>9 

289 

•268 

240 

222 

•215 

itf 

H 

•416 

•367 

•324 

•286 

•263 

252 

•243 

-222 

•196 

180 

•173 

• 

4 

•379 

•330 

•287 

•250 

•229 

•218 

•2<)9 

•189 

166 

149 

•144 

• 

5 

•324 

•276 

•235 

•2(M) 

•180 

•170 

162 

•145 

•124 

113 

•105 

• 

6 

^S;-) 

•238 

urn 

•167 

•148 

•139 

•132 

•116 

i»974 

<)859 

•0814 

i 

8 

•233 

•189 

•154 

•12,") 

•1()9 

•102 

•0954 

•1>825 

*<«70 

t>579 

•0544 

i 

10 

•21K) 

158 

•126 

•100 

*(W62 

•0794 

0741 

()631 

0501  1 

•0427 

*0396 

i 

Let  the  student  notice  the  sort  of  ditt'erenoe  that  exists  between  a  cm 
pr  =  constant,  and  pv^  ^*^  =  constant,  and  remember  that  there  ai-e some pnwti 
men  who  treat  fr  =  constant,  as  if  it  were  tlie  saturation  curve  ;  some  pw 
treat  it  a«  if  it  were  an  adiabatic  curve  for  steam,  and  some  others  cali 
vaguely  "  the  tlieoretical  rurve  for  expansion." 


CHAPTER  XX. 

PROPERTIES  OF  GASEOUS  FLUIDS. 

186.  A  ponnd  of  fluid  stuff  has  three  qualities,  its  pressure 
tSBomed  to  be  the  same  everywhere  in  it,  its  temperature  assumed 
obe  the  same  everywhere  in  it,  and  its  volume.  Thus  a  pound  of 
irat  0"*  C.  (or  ^  =  274)  and  at  atmospheric  pressure  (or  ^;  =  2,1 16  lbs. 
*er  square  foot)  has  a  volume  v  of  12*39  cubic  feet,  and  it  is  ver}' 
«ariy  true  that  for  all  values  of  ^;,  v  and  t 

^  =  95-7 (1) 

Hence  if  we  know  any  two  of  p,  r  and  /  we  can  calculate  the 
ther.  And  so  we  say  that  if  any  two  are  known,  the  state  of  the 
tnff  is  known. 

Again,  a  pound  of  any  of  the  following  gases  has  a  law  like 

^  =  i2 (2) 

Where  R  is  given  in  the  following  table.  Tht*  law  is  not  strictly 
He  for  any  gas,  but  it  is  so  nearly  true  that  (2)  may  be  used  in  all 
i^eering  calculations.  The  law  connecting  y>,  v  and  t  for  any 
ibstance  is  called  its  characteristic. 

In  Art.  172  I  give  some  exercises  on  the  calculation  of  ^;  or  r  or 
when  the  other  two  are  given.  I  give  here  a  table  of  such 
ittperties  and  laws  of  the  gases  with  which  engineers  concern  them- 
'Ives,  as  are  necea^-arv  in  engineering  calculations.  The  reasoning 
hich  has  led  us  from  ex|K^ri mental  facts  to  these  laws  or  rules  will 
?  found  in  Chap.  XXXI.  The  student  will  find  his  knowledge  of 
»e  subject  and  security  in  thinking  about  it  greatly  increased  by 
•ding  Chap.  XXX.  on  the  Kinetic  theory. 
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GUR 


of  OsMf .  The  unit  of  heat  is  wfail  ii 
equivalent  to  774  or  1»393  foot-pounds.  C^  and  k  aie  the  specific  heik 
at  constant  volume  in  heat  units  and  foot-pounds.  Cp  and  JTaie  tk 
specific  heats  at  constant  pressure  in  heat  units  and  fbot-pouKk 

p  is  pressure  in  pounds  per  square  foot  at  Lcmdon. 

V  volume  in  cubic  feet  of  1  lb.  of  stuff. 

t  absolute  temperature  centigrade. 


%i 


Substance. 


-^ 


Air 

Oxygen .   .   .   . 
Hydrogen.   .   . 

A 

B 

D 

E 

P 

CSarbonio  acid  ^ 
Carbonic  oxide 


c. 

0, 

h 

K 

} 

t 

.   .J 

-if  ■■   .. 
•288 

.iJi 

-160 

234^ff 

380-1 

05-67 

1^ 

•166 

•218 

216-3 

802-0 

86-60 

1^ 

2-416 

3-406 

3364 

4720 

1375-0 

1^ 

•1802 

•250 

262-3 

340-4 

0716 

1-M 

•1889 

•258 

264-5 

361-3 

06-88 

vm 

•1803 

•250 

252-4 

340-4 

07-01 

vm 

•1002 

•260 

266-3 

363-2 

06*88 

l-IM 

— 

•25 

— 

— 

... 

_ 

1       __ 

•216 

^— 

68-08 

_ 

•173 

•243 

241 

338 

06-9 

i« 

Superheated  steam.  C^  h  usually  supposed  to  be  0'475,  ki 
this  is  more  than  doubtfnl.  Mr.  McFarlane  Gray  thinks  (7,  to  be 
0-3864+9  X  lOV^^  In  Chapter  XXXI.  I  show  that  if  R^nanl^B 
results  are  to  be  relied  upon,  then  Cp  is  '305  at  0°  C,  -36  at  iWCi 
•43  at  150"C. 

I  give  a  characteristic  for  steam  in  (2)  Art.  371,  which  is  howevei 
probably  untrue  except  near  saturation.  This  seems  the  best  resuH 
at  present  available,  and  yet  there  is  a  consensus  of  opinion  amoii| 
physicists  that  vapours  tend  to  become  more  and  more  nearly  constan 
in  their  specific  heat  at  constant  pressure  as  the  temperature  increase 

A  is  the  usual  mixture  in  gas  or  oil  engine  cylinders  using  c« 
gas,  before  ignition ;  and  B  is  the  mixture  after  ignition. 

D  is  the  usual  mixture  in  gas  engine  cylinders  using  Dowson  ga 
before  ignition  ;  and  E  is  the  mixture  after  ignition. 

F  is  the  usual  mixture  of  furnace  gases  from  boilers  when  24  11 
of  air  is  admitted  per  pound  of  co.'xl. 


^  Car)x>nic  acid  is  bo  far  from  being  a  perfect  gas  that  we  can  only  say 
I  15*  C.  to  100  C.  is  -2025,  ami  from  IT  C.  to  214"  C.  it  in  -2169,  the  me 


that 
mean  ral 


from 

of  itH  Hpecitic  heats  being  1  '30.    It  is  m}'  opinion  that  there  is  no  possible 

of  the  increasing  values  of  Cp  both  for  cjirlx>nic  acid  and  steam  except  that  ol  d 

sociation,  although  chemists  ridicule  tlie  idea  of  possible  dissociation  at  thcM  k 

temperatures. 
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188.  Formate  for  OsMf .  All  energy  in  fnp^-pyijnj,^      One 
poand  of  gas*     Only  true  for  gases  which  satisfy  (2). 

'^'     dH=k.dt+p.dv 
=  K,dt''V,dp 

= d(pv)+2) .  dr 

7-1 

Hy^  is  the  total  heat  given  in  anvivind  of  chang^  from  th^tate 
Pi-  ''i-  'i  to  p^,  v^,  t^ 

Expaiu>ion  according  to  the  la\v^?i^  =  c,  a  constant,  the  work  done 

is.—— (  fj^""— r,^"*  j  and  the  heat  given  to  the  gas  during  expiinsion 

-  --7  X  work  done. 
7--1 
Expansion  according  to  the  law  ;jr  =  c,ac<>nstant,  the  work  done  is 

<^t  --and  the  heat  given  to  the  gjis  during  expansion  is  equal  to 

we  work  done. 

In  gases  the  entropy  0  =  k  l«»g^  t  +  R  log,,  v  +  constant. 

The  intrinsic  energy  jfc^=/.-^  + constant. 

Exercise.  If  H^O  can  he  in  the  state  of  a  perfect  gas,  its 
«nsity  relatively  to  hydn>gen  is  in  the  pn»pi>rtion  i)f  2  +  15*88,  or 
l"Wto2,  or  S-i)4.  Hence  if  thr  H  <»f  hydrogm  is  13750,  the  R 
<^  gaseous  Hp  is  154. 

For  the  various  values  of  the  pressure  and  temperature  of  Table  I.. 
*rt.  180,  calculate  v  if  pvt  =  154.  Tin-  answers  are  headed  c  in  the 
Uide. 

Exercise.  The    fractional   difien^nce   between   the  volume  of  a 


/'  —  // 


P^od  of  satumted  steam    if,  and  t»f  gas(M)us  H.,(),  <)r  being 

^lledj';  plot  log.  A*  and  lt>g.  y>  on  s<|uared  |Kij)er  and  .st»e  if  there  is 
^a^  law  connecting  them  as 

,/•=  000 10 1  2''**'' 
*l^*ch  has  lxH.*n  foun<l  bv  »»ne  of  mv  students. 

!••.  To  find  tlu'  sjKTilir  lu-at.-.  A'  ami  k\  of  :i  niixtuiv  nf  gases.     If  wr 
'*Te  ir,,  ir^,  ir,,  Ac,  \h.  of  ^aM-s  m  Iiom'  Hjn'oitir  hvi\l<  aiv  A",,  A'..,  vtc.  ;  l.\,  I..,  &r. 

Thoi 

TftMe  I.--Oiie  i'wWu'  fiH)t   «»f  <ro*il  K^h  with  tlu*  folluwiiig  i-omiKisition  {hy 
V0laiiie),and  3"T0  cubic  feet  of  air,  ami  4*5culne  feci  of  the  pitMliicts  of  u  previous 
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combustion.  What  I  call  Cp  and  r,  for  each  kind  of  gas,  are  capaciti* 
heat  per  cubic  foot,  q  is  the  amount  of  each  constituent  in  cubic  feet  t 
cubic  foot  of  coal  gas. 

Coal  Gas  En(}in'e  Mixture  before  Ck)MBr8TioN. 


1 

1 

cubic  ft. 

Q 

'•p 

f-w 

qr^ 

7''- 

{Hydrogen .... 

046 

•2359 

•99    X 

•168 

•1085 

•4554  X 

Carbon  monoxide. 

0075     : 

•237 

1 

»» 

•0178 

•U750 

^■Marsh  gas     .    .    . 

0-3950  1 

•3277 

1-54 

»f 

•1294 

•6082 

•Olefiant  gas  .    .    . 

00380 

•4106 

203 

ft 

•0156 

•0771 

Nitrogen    .... 

00050 

•237 

1 

»» 

•0012 

•1KJ50 

HjO  vapour  .    .   . 

0^0200 
576 

•2984 
•2374 

136 

•0060 
13680 

•0272 

Air 

1 

'    5760 

Protlucts    .... 

45 

•2581 

1124 

»f 

11614 

5^i»58 

Totel 11-253  — 


28079       12066    x 


Hence  for  the  mixture  Cp  =  0*2496,  c,  =  01802 ;  ratio  1385  ;  difference  -06J 
Coal  Gah  Rnuini  Mixture  after  Combustion. 


1 

cubic  ft. 

1-3714  . 
0-5714  , 
4-5554 

1 

;     6-4982  ! 

'•p 

•2984 
•3307 
•2370 

136  X    168 
1-55        „ 
1 

•4092 

•1889 

10790 

16771 

Q^0 

[ 

H,0  vapour  . 
Carbon  dioxide 
.  Nitrogen    .    .    . 

Total 

,    1-865    X 
•8855 
45554 

7  3059  X 

Or  for  the  mixture  r^  =  02581,  r,  =  01889  ;  ratio  1*367  ;  difference  -0692 
DowsoN*  <Jas  Knoise  Mixture  before  Combus*tiox. 


cubic  ft. 
7 

0. 

*-, 

^'•p 

7^p 

Hyilrogen  .... 

('arlK)n  monoxide 
1  Marsh  gaa .... 
i  Oleiiant  gas  .    .    . 

Nitrogen    .... 

Car))on  di()^i<le 

•1873 
•2507 
•<«)31 
*(K)31 
•4898 
•0657 

•2.^->9 

*-2;^7 

•:i277 
*41(Hl 
•237 

*;^*>7 

99      X 
1 

1*54 
203 
1 
1*55 

•168 

»» 
i» 
»♦ 

»> 

•0442 
•0594 
•flOlO 
•(X)13 
•1161 
•0217 

•1854  X 

•2507 

•0(»48 

•0063 

•4896 

•1018 

Air      

IVtwlucts          .     .     . 

1*13*25 
2 

•2.374 

1 

1  1.3*23 

•2689 
•5188 

1  1325 
22646 

Total 


4*1.3-22  — 


1*0.314         4  4359  X 


r-  =  -2496,  r.  =    1803  ;  ratio  l-;«5  ;  difference  -0693. 
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Dowsox  Gas  Exoine  Mixtcrb  after  Ck)MBU8Tiox. 
cubic  ft. : 


""p 


<•• 

1-36  X 

1-55 

1 
1 

•168 

1 

. 

1 
1 

! 

•0602 
•1084 
•3281 

•2746  X    168 
1-3845 

•4967 

2- 1674  X    168 

Witwrapour  .  .  0*2019  2984 
rtrbon  dioxide  .  0*3279  SSO? 
XitrogHi   ....       1*3845        '2370 


Total.      .       .  19143  —       I  — 

I 

r,  =  -2594,  f,  =  *19a2  ;  ratio  1*3637  ;  difference  1)692. 

190.  When  we  develop  thermodynamic  rules  (Chap.  XXX.)  for 
kinds  of  stuff,  it  is  an  excellent  exercise  to  apply  them  to  the  case 
of  a  gas  which  approximately  satisfies  (2),  Art.  186.  But  the  student 
mu^1  remember  that  (2)  is  only  approximately  true  for  any  substance. 
\i  is  ven'  nearly  true  in  air,  nitrogen,  oxygen,  and  hydrogen.  In  nitro- 
gen and  air,^  decreases  slightly  as  j!7  increases.     For  hydrogen,  SL 

"^creases  as  p  increases.  An  examination  of  the  more  correct 
•characteristic  for  carbonic  acid  will  show  that  (2)  is  nearly  true 
« the  temperatures  and  pressures  which  exist  in  ordinar}'  chimneys 
^  flues.  It  is  not  very  wrong  to  assume,  as  I  shall  do  in  exercise 
*»fk,that  (2)  is  tnie  for  superheated  steam  ;  our  knowledge  of  water 
"i  this  state  is  described  in  Chap.  XXXII. 

The  important  fact  to  remember  is  this,  that  there  is  some  law 
<<^1W  its  characteristic)  connecting  the  ^),  v  and  t  of  a  |)ound  of  any 
kind  of  stuff,  although  our  knowledge  of  it  may  be  quite  defective. 

Again,  the  state  of  a  pound  of  water  stuft*  consisting  of  x  lb.  of 
■t«m,  and  1  —  a*  lb.  of  water  is  supposed  to  be  completely  known  to 
'*■'*•  it  is  well  to  recollect  that  we  suppose  the  temperature  the  same 
"^m-where  in  the  stuff)  if  we  know  its  v  and  its  ;>,  or  its  v  and  its  t, 
't  ij»  a  peculiar  case  this  of  change  of  state,  because  there  is  a 
*^ntinuity,  a  sudden  change  from  water  to  steam,  and  if  the 
l*«8iire  is  known  the  tempemture  is  already  known,  so  that  there 
^tistbea  second  indepcnchait  thing  given,  such  as  v  or  x.  If  v  is 
"^•^^Ti, X  can  be  found  (or  indeed  if  ./'  is  known,  v  may  be  found). 
'"''  in  the  tables  of  Art.  180  if  we  know  p  or  t,  we  know  n,  the 
^^'utoe  of  a  pound  of  steam  :  here  we  have  x  lb.  of  steam,  so  that  its 
^"'ime  is  Jpw,  and  as  the  volume  of  the  water  is  very  small,  we 
"^^ylfcct  it  in  our  steam  engine  calculations,  so  that  v  =  xn. 


CHAPTER    XXI. 

WORK   AND   HEAT. 

101.  There  are  many  forms  of  energy  which  may  be  giv- 
or  given  out  by  bodies  in  Nature,  but  in  our  study  of  the 
dynamics  we  recognise  only  two: — 

1.  Mechanical  work  done  by  a  fluid.  If  the  volume  iner 
from  t;  to  V  +  Si',  we  say  that  the  work  done  by  the  fluid  is 
and  more  nearly  p .  Sv  foot-pounds,  as  ^he  change  of  volume 
considered  to  be  smaller  and  smaller.  Indeed,  I  am  not  sure 
the  best  definition  of  pressure  is  not  this :  If  fluid  has  already 
work  Wy  and  if  in  the  increase  of  volume  hv  the  extra  work  8 
done,  then  p  ,iv  =  hW^ov  rather 

That  is,  pressure  is  the  rate  at  which  work  is  done  per  cubic 
of  expansion. 

Of  course  if  hv  is  negative ;  if  the  volume  gets  less,  the 
done  by  the  fluid  is  negative ;  that  is,  work  is  done  upon  it. 

Observe  that  the  most  immediate  way  of  finding  S  fT  is  thr 
the  infinitely  small  change  of  volume  Sr.  We  could  calculate  h 
more  laborious  ways  from  knowing  infinitely  small  changes  in  pre 
2^  and  the  temperature  hi, 

2.  Heat  Sfl" given  to  the  fluid  when  it  changes  it«  state  in  any 
If  the  change  of  state  is  an  infinitely  small  one  we  can  calc 

hH  from  our  knowing  any  two  of  the  changes  ht  or  iv  or  hp, 
changes  being  infinitely  small  we  can  say  that 

Brr=  J:.Bt+  /.Bv (1) 

^K.U^-L.hp (2) 

^P.hp^-V.hv (3) 

where  k,  /,  K,  Z,  P  an<l  V  are  numbers  which  we  know  if  we  kno 
the  properties  of  the  stuff;  These  numbers  are  called  specific  I 
or  latent  heats  or  capacities,  and  they  may  be  quite  different  is 
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f  the  stuff  from  what  they  are  in  another.  We  might  have 
ed  SfF  in  some  similar  way,  but  how  cumbrous  and  un- 
ly  it  would  have  been !  Now,  just  as  BW  -^ p,Bv,  so  there 
ich  quicker  way  of  calculating  SR  than  by  either  (1),  (2; 
There  is  a  property  of  the  stuff  called  its  entropy  0,  which 
that  any  change  in  it,  B<f>,  if  multiplied  by  t  the  absolute 
itore,  gives  SH  or 

off  ^  t ,  o<f> (4) 

?n  stuff  changes  in  state  we  can  use  either  (1)  or  (2)  or  (3)  to 
e  the  amount  of  heat  given  to  it,  but  if  we  only  know  the 
in  ^,  the  rule  (4)  is  of  all  ways  the  easiest  for  calculation. 
most  general  statement  of  the  laws  of  thermodynamics  is  this: 
m  a  body  changes  its  state  and  has  heat  energy  Si?  given  to 
it  gives  out  mechanical  energy  SW,  the  intrinsic  gain  of 
18  SjBT— S7F;  call  this  SE  and  use  the  name  "intrinsic 
'  for  X.  This  is  the  total  energy  actually  in  the  stuff. 
Law.  The  £  in  the  stuff  is  always  the  same  when  the  stuff 
to  the  same  state  ;  in  fact,  E  can  be  calculated  if  we  know 
,  orp  and  t,  or  v  and  t. 

Law.  The  0  of  the  stuff  is  always  the  same  when  the  stuff 
to  the  same  state ;  in  fact,  0  can  be  calculated  if  we  know 

!•  Ftnt  loiw.  A  great  number  of  practical  problems  are 
it  once  if  we  remember  the  first  law,  and  if  we  know  how  to 
16  the  intrinsic  energy. 

r  we  do  not  know  the  real  intrinsic  energy  of  any  stuff,  but 
3I0W  in  many  cases  how  much  greater  it  is  in  one  state  than 
her.  For  example :  In  air,  oxygen,  nitrogen,  hydrogen,  and 
ises  we  find  it  nearly  true  that  the  intrinsic  energ}'  depends  only 
temperature.  Thus,  when  the  temperature  keeps  constant,  if 
Texpands  doing  work,  the  amount  of  heat  given  is  exactly  equal 
rork  done,  that  is,  there  is  no  gain  or  loss  of  intrinsic  energy. 
10  work  is  done  (volume  constant)  the  heat  given  to  a  gas  is 
ri  as  intrinsic  energy.  Now  it  is  found  that  the  heat  given 
fl  at  constant  volume  to  raise  it  from  tQ  to  /  is  k  (t  —  to) 
'  is  a  constant  quantity  called  the  specific  heat  at  constant 
As  we  are  only  concerned  with  differences  we  mav  sav  that 
insic  energy  in  a  pound  of  stuff  is  I'i,  although  we  can  attach 
ling  to  such  a  .statement  at  such  low  temperatures  that  the 
»  longer  behaves  like  the  mathematical  substance  called  a 

BC18E  1.  W^hat  heat  must  be  given  to  a  pound  of  gas  when 
les  in  volume  from  r^  to  r^,  its  pressure  p  remaining  constant  ? 

z 
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Answer.  Heat  =  gain  of  intrinsic  energy  +  work  done.  Tl 
work  done  =  p(^2  —  ^'i)-  ^^  ^^^  ^^^  S^^^  ^^  intrinsic  energy  we  mtt 
find  the  change  of  temperature.    The  stuff  follows  the  law  pv^i 

\  Hence  t^  =  ^i,  t^  =  ^J  ;   gain  of  intrinsic  energy  =  A-(<,— (j)* 

I* 
Hence  heat  =   j^piv^  —  v^)  +  piv^  —  v^) 


=  P{^+     l)    (^2  -  ^l)- 


This  may  be  put  in  many  shapes.  Thus  jpvj  =  Bt^  pv^  ^  lU^M 
the  above  becomes  (k  +  B)  {t^  —  t^).  Now,  if  we  say  "  Heat  given  ■ 
specific  heat  K  at  constant  pressure,  multiplied  by  change  of  ten 
perature  *'  we  see  that  k  +  R  ^  K, 

Exercise  2.  When  a  pound  of  gas  changes  in  any  way,  whali 
the  heat  given  to  it  ?    Answer,  Heat=  k(t^  —  t^)  +  work  done. 

We  see  therefore  that  the  question  cannot  be  answered  in  numban 
unless  we  know  the  work  done.     Calling  the  work  done   W,  id 

seeing  that  t^  =  ^«,  t,  =  ?&, 

k 
Heat  =  ^  (p^v^  -  pyy{)  +  W. 

I 

This  formula  is  of  great  value  in  air  engine,  gas  engine  and  oi 

engine  work. 

Exercise  3.  A  pound  of  gas  at  400°  C.,2?  =  10,000  lbs.  porsquar 

foot  whose  B  is  95*67,  what  is  its  volume  ? 

Answer,   As  ^  =  95-67.      v  =  3729.  V 

It  receives  7  X  10^  foot-pounds  of  energy  as  heat  at  oonstai 
volume,  find  its  new  pressure  and  temperature. 

Ansiver,  The  heat  is  all  stored  as  intrinsic  energy,  and  i 
k  =  252*3  (see  Art.  187),  the  change  of  temperature  is  7  x  10* -r  252 
or  2,775""  C.  It  is  easily  seen  that  the  new  pressure  is  3^00  U) 
per  square  inch. 

Exercise  4.  Given  Ap^v  diagram  for  a  pound  of  one  of  the  gaai 
of  the  table  Art.  187,  find  the  rate  of  reception  of  heat. 

Bff^k.Bt-^-p.Bv 

dH       J  dt   ^  ,-, 

dv^^dl^^^ (^> 

We  shall  call  this  A. 

It  is  evident  then  that  our  answer  is  just  of  the  wmmm  4tmm 

siOM  as  a  pr^Mure :  the  one  being  *'  mechanical  energy  given  oi 


m 
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«cept  that  "^  or  h  must  be  shown  to  the  same  scale 


k  the  stuff  per  unit  increase  of  volume,"  the  other  being  "heat 

fliefjy  taken  in  by  the  stuff  per  unit  increase  of  volume."    Suppose 

tp  get  an  indicator  diagram  and  we  do  not  know  the  temperature 

tinrhere.  we  only  see  p  drawn  to  scale,  we  know  not  what  scale, 

dH 

dv 

It  is  convenient  to  change  (1). 

As  ^  =  ^,    J-  =  p   (p  +  ^  -J-)-     Hence  (1)  may  be  written, 

nee  R  ^  K  '^  k  and  Kjk  is  called  7 

This  is  really  the  same  as  (1),  but  it  will  be  observed  that  we  can 
■et  A  in  terms  of  p  without  kno>ving  how  much  stuff  is  present,  and 
re  need  not  care  what  are  the  scales  of  |>  or  r. 

193.  The  following  numbers  were  measured  on  a  gas  engine 
■dicator  card  of  the  stuff  A  of  the  table  Art.  187,  whose  7  is  1*385. 
lie  stuff  was  in  a  cylinder  whose  clearance  volume  was  known, 
od  of  course  this  is  included.  The  student  will  do  well  to  draw  the 
iagnim  from  the  dimensions  given.  If  he  does  so  he  will  get  much 
M>re  accurate  answers. 


r. 


hp'bf. 


avenge  r. 


avcroK*-'  p. 


h. 


Compres  nion 

25  14-7 

9U  19*3 

14  297 

10  45*2 


-0-96 
-1-70 
-3S8 


•22 -5 

17 

12 


171 
24*6 
37-5 


5-92 
13*8 
14-6 


Ezpan  flion 


10 

10-2 

10*4 

10-6 

10-8 

11^ 

12^ 

13 

15 

17 

19 

21 


45  2 

79-7 

123-2 

157-7 

181-7 

188-2 

166-2 

146-2 

116-7 

95-7 

80-7 


•7 


68-7 


173 
21H 
173 
12i> 
33 

-2i» 
-14-8 

-  lor, 

-7-5 
-5-i> 


101 

10-3 

lOo 

107 

10-9 

1 1  5 

12-5 

14 

16 

18 

20 

22 


62-4 

101  -5 

140-4 

169-7 

184-9 

177-2 

156-2 

131-5 

1062 

88-2 

74-7 

63-7 


4760 

6210 

5230 

393f) 

1590 

-20-8 

-85-8 

-64-9 

-  54-5 

-33-8 

-41-5 

-571 
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It  is  to  be  noticed  that  during  compression  as  v  is  diminishing 

tITT 
iv  is  negative,  since  -j-  is  positive,  it  means  that  heat  is  being 

dv 

by  the  stuff.    Until  t;  s  10*9  in  the  expansion,  notice  that  the 

first  receives  heat  and  thereafter  loses  heat.    The  student  ought^ 

draw  h  to  the  same  scale  as  that  to  which  pressure  is  drawn* 

If  it  is  required  to  know  rate  of  reception  of  heat  per 
h  X  velocity  of  piston,  evidently  represents  what  is  wanted.     For 
purpose  we  may  without  much  inaccuracy  imagine  the  conn< 
rod  to  be  infinitely  long ;  therefore  we  describe  a  semicircle  on 
distance  which  represents  to  scale  the  length  of  the  stroke,  and 
multiply  the  ordinate  of  our  h  diagram  by  the  ordinate  of  the 
circle  for  any  position  in  the  stroke. 

It  is  obvious  that  an  exercise  like  this  well  carried  out  will 
students  a  great  deal  more  than  may  be  described  here. 

If  an  expansion  curve  follows  the  law  pif  —  c  a  constant, 


-# 


dv 

dv  ^ 


Hence  (2)  becomes 


Thus  in  the  latter  part  of  the  above  expansion^  if  we  plot  log. 
and  log.  V  on  squared  paper,  we  shall  find  |w;^'*^*=:  constant,  and  h< 
A  =  -  0*50;?. 

Again,  in  the  above  compression  it  will  be  found  that  p&^^ 

constant,  and  therefore         =  0*47  p, 

dv 

i 

194.  I  give  a  little  thermodynamict  in  Chap.  XXXL,  bull 
write  for  students  who  are  supposed  to  know  something  of  thei 
dynamics  already,  and  especially  the  proof  of  the  second  k 
Elementary  students  of  heat  and  advanced  students  who  wish 
study  the  philosophy  of  this  subject  will  find  no  great  help  henj 
I  think  that  the  mathematical  basis  of  the  second  law  as  given  il 
my  book  on  the  Calculus  is  well  worth  study.  Th«  oovvM  m 
one's  elementary  study  is  usually  this: — 1.  The  equivalence  m 
mechanical  and  heat  forms  of  energy.  2.  When  change  of  state  of  a 
body  occurs ;  what  is  the  heat  given  ?  what  is  the  work  done  ?  hoi^ 
are  these  usually  calculated  ?  3.  The  mathematical  conoeptioiit  i 
Camot  cycle,  stuff  taking  in  heat  ff  when  expanding  at  oonslsiit 
temperature  T ;  giving  out  heat  h  when  being  compressed  at  oonslsiit 
temperature  t\  when  change  of  temperature  oocurs  it  is  due  It 
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Etic  expansion  or  compression.  4.  An  engine  which  could 
a  Camot  cycle  is  reversible.  The  study  of  this  section  of  the 
t  may  break  over  the  barriers  of  our  mathematical  assumptions 
|r^ard  to  the  nature  of  matter  and  energy  and  become  a  study  of 
b  universe.  Keeping  to  mathematics  we  are  led  to : — 5.  All  rever- 
Ue  engines  working  between  the  same  higher  and  lower  tempera- 
pns   are    equally  efficient,  and   therefore   this   efficiency  depends 

Pthe  temperatures  alone.     6.    Define  temperature  to  be  such 
in  a  reversible  engine 

Nett  work  ^  T  -  t 
H    '  T 

7.  Calculate  what  this  scale  of  temperature  must  be  by  calculating 
tttt  work  and  H  when  some  particular  substance  is  used  whose 
■«yperties  are  known.  8.  The  scale  of  temperature  so  found  is  such 
hat  if  we  can  imagine  the  substance  to  be  one  whose  intrinsic 
nerg}'  depends  only  upon  its  temperature,  and  if  it  is  also  such  a 

obstance  that  its  p  (  t- )  is  a  linear  function  of  the  scale  of 

\dp/veontt 

emperature  employed,  then  the  value  ofp  \-t')  being  called 

\dp/  V  eontt 

be  absolute  temperature,  the  above  condition  is  satisfied.  9.  The 
roperties  of  air,  nitrogen  and  hydrogen  are  such  that  we  can  approxi- 
late  very  closely  to  the  scale  of  temperature  required,  and  as  a  help 
>  oar  recollection  of  our  results  we  have  invented  an  ideal  substance, 
tiled  a  perfect  gas,  which  is  such  that  if  t  is  our  absolute  tempera- 
are,  and  if  r  and  p  are  its  volume  and  pressure 

vpjt  =  R 

here  if  is  constant  and  where  t  mav  be  taken  as  ^C.  + 273*7. 
*  C.  being  the  reading  on  what  we  call  sometimes  an  air  thermometer 
nd  sometimes  a  nitrogen  or  hydrogen  thennonieter  with  delightful 
agueness. 

106.  The  fact  most  impressed  upon  the  young  engineer  is  this, 
hat  in  trying  to  convert  as  much  of  the  heat  energ}-  H  as  i)OJ!«sible 
nto  the  mechanical  form,  the  temperatures  limit  our  power,  and 
re  can  only  in  the  most  jjerfi^ct  heat  engine  convert  the  fraction 

-= —  of  the  whole. 
T 

Caniot  thought  that  when  heat  M\  in  tempeniture  and  work 
ras  done,  it  was  like  water,  falling  down  a  height  in  a  water-wheel. 
ie  was  wrong.  JSTat  the  higher  temperature  T  becomes  only  h  at 
he  lower  tem])eniture  *,  the  diffi»rence  H^h   lK»ing  converted  into 
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work  win  A  perfect  engine.    Taking  it  that  all  energy  is  in  the « 
units,  we  have  -  =  — -p. 

Instead  of  thinking  of  J?  as  analogous  with  weight  of  wate: 
us  take  —  as  analogous  with  weight  of  water. 

A  weight  "yL  falling  through  the  height  T-^t  would  do  the 

^  (y-0»  so  that  the  analogy  is  complete. 

196«   Lord  Kelvin  put  forward  a  tuggeition  once  that 
not  probably  be  acted  upon  much,  until  coal  is  more  expensive, 
this.    Just  as  in  a  heat  engine  we  take  in  heat  ff  at  T,  give 
heat    kr  at  t,  converting  only  the  small  quantity  w  =  H  -- 

H  -    ~     into  work ;  so  in  a  reversed  heat  engine,  we  might  tal 

h  at  the  lower  temperature  t,  do  work  w  and  deliver  the  1 

T 
amount  of  heat  h  +  w,  or  %o  at  the   higher    tempera 

Many  refrigerating  machines  already  work  on  the  principle.  1a 
take  a  concrete  example. 

EXEKCISE.  Suppose  that  for  1  lb.  of  coal  whose  calorific  en 
is  8,300  centigrade  units  of  heat,  we  get  1  brake  power  hour,  i 
Dowson  gas  and  a  gas  engine ;  that  is,  we  get  work  equivalec 

'- ^--  or  1,422  heat  units.     Suppose  that  this  work  is  eiven 

reversed  heat  engine  taking  in  heat  h  in  air  on  a  cold  day  at  1 
the  atmospheric  temperature,  and  by  conipression  giving  it  ot 
20°  C.  Let  us  imagine  this  to  be  done  with  an  efficiency  of  9( 
cent.,  which  is  quite  pmcticjil.     Then  the  work  1,422  will  allov 

974  -I-  90 

heat  1,422  "     Z^        x   0  or  37,620  to  be  given  to  the  air. 

Here  then  is  a  compiirison  : 

By  direct  heating,  the  usual  way,  all  the  heat  of  the  coal  I 
given  to  the  air  (it  is  unusual  to  give  nearly  so  much),  the  air 
8,300  units  of  heat. 

By  using  a  gas  engine   and    reversed    heat   engine,   the 
37,620  is  given  to  the  air. 

It  looks  at  first  sight  like  a  creation  of  energy,  but  the  stu 
will  see  that  the  heat  energy  is  not  created ;  we  have  the 
1,422,  this  is  changed  into  heat,  and  the  extra  heat  36.198  is  n 
in  temperature.     All  that  is  disadvantageous  in  the  heat  ei 
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adrantaff^oni  in  the  reversed  heat  engine,  whether  it  is 
used  for  heating  or  for  refrigerating. 

The  compariBon  would  be  more  striking  if  we  assumed  that  by 
lome  electric  battery  method  we  could  get  more  useful  work  from 
[  lb.  of  coal  than  we  can  get  by  using  Dowson  gas  in  a  gas  engine. 

197.  The  reversibility  of  a  heat  engine  depends  upon  this,  that 
rhen  the  stuff  gains  or  loses  heat  it  shall  do  so  to  a  body  of  infinite 
opacity  for  heat  at  the  same  temperature.  In  the  Camot  cycle 
leat  H  is  taken  in  at  the  higher  temperature  T,  heat  h  is  given 
Qt  at  the  lower  temperature  t ;  change  of  temperature  occurs 
diabatically. 

Sttrllnij^s  regenerator  produces  a  reversible  heat  engine  in  the 
ame  way.    Imagine  air  to  be  the  stuff  used.    A  pound  of  air  ex- 

pands  firom  v^  to  r,  at  T,  taking  in  the  heat  H  =  RT  log.  -^  and 

doing  wcMrk  equal  to  H.  The  air  then  goes  through  a  passage  whose 
vails  have  infinite  capacity  and  gradually  alter  in  temperature  from 
r  to  ^,  so  that  the  air  gets  lowered  to  t  in  passing  through,  its 
volume  keeping  constant.^  The  heat  given  up  by  the  air  and  stored  in 
tke  regenerator  is  i  (T— 0  ^^  pressure  falling.  The  air  is  now 
compressed  at  the  constant  temperature  t  from  t'o  to  r^  giving  out 

tkekeat  k^Bl  log.  --,  the  work  done  upon  it  being  equal  to  h.     It 

>  BOW  passed  in  the  reversed  way  through  the  regenerator,  taking 

>»  the  heat  k  (T—t)  in  reaching  its  initial  condition,  volume  fj, 

temperature  T. 

The  regenerator  gives  out  thi*  same  heat  that  it  took  in.     At 

•'tty  point  in  the  passage  through  it,  the  air  gives  up  or  takes  heat 

fenn  a  part  of  the  regenerator  which  is  at  the  siime  temperature  as 

iW£    The  heat  taken  in  was  //;  the  heat  given  out  was  h:  the 

JjT      T 
Bciwork  done  was  i7— A,  and  Wi'  see  that    ,    =  -,  so  we  have  the 

h        t 

•fidencv  -  ^    as  before.     The  student  can  work  out  the  Ericsson 
T 

^  ibr  himself 

The  Joule  air  engine  is  not  reversible.  The  stuff  takt'S  in  heat 
*^ constant  pressure  and  gives  it  out  at  lower  constant  pressure,  the 
^*kw  two  parts  of  the  cycle  biding  adiabatics.  It  is  spt^cially  inter- 
•■^  because  in  its  reverst'd  form  it  is  a  well-known  form  of 
'^''igerating  machine. 

'  Ericsson  let  itM  prcKmire  ktTp  conHiaiit. 


CHAPTER  XXII. 

WORK  AND   HEAT.       ENTROPY. 

198.  I  TAKE  it  that  my  readers  know  something  of  thermodj 
namics  already.  The  application  of  the  above  notions  to  chemical  aa 
physical  questions  generally  will  lead  to  the  study  of  the  availabdi 
of  the  heat  in  a  system  of  bodies  whose  temperatures  are  not  th 
same.  With  this  matter,  so  all-important  in  physical  chemistiy,  tl 
engineer  need  not  concern  himself;  he  is  more  concerned  to  rtud 
thermodj-namics  from  the  entropy  point  of  view,  because  he  hi 
one  stuff  at  the  same  temperature  and  pressure  throughout.  I  h*^ 
given  the  mathematics  of  the  subject  in  Chap.  XXXI. 

199.  If  stuff  is  at  the  absolute  temperature  t  and  we  give  tl 
small  amount  of  heat  BH  to  it,  we  say  that  we  give  it  the  entrop 

SIT 

Engineei-s  seem  to  have  great  difficulty  in  understanding  wl 

we  introduce  the  notion  of  this  ghostly  quantity,  but  they  must  ff 
accust(jined  to  it.  The  entropy  of  a  body  is  said  to  be  its  ^ 
a  body  has  the  entropy  (f>,  the  pressure  p,  the  temperature  t,  tl 
volume  i\  and  the  intrinsic  energy  JE,  and  receives  heat,  does  wori 
goes  through  all  sorts  of  changes,  and  is  brought  back  to  the  sain 
p  and  V  again,  it  will  be  found  that  it  is  also  at  its  old  t,  that  its^ 
is  the  same,  and  also  its  (f>  is  the  same.  The  heat  given  to  •» 
taken  from  the  body  are  by  no  means  the  same;  the  work  dooeb 
and  upon  \hv  body  are  by  no  means  the  same ;  but  the  enttop 
given  to  and  taken  from  the  body  are  exactly  the  same. 

It  is  a  mathematical  idea  which  must  be  taken  in,  and  it ' 
a  most  impossible  to  get  the  idea  without  working  exercises  on  h^* 
engines.     There  is  no  good  analogy  to  help  the  beginner,  bot 
may  try  this  one. 

When  a  body  changes  its  state  by  a  small  amount  and  we  b»^ 
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given  to  it  the  heat  energy  SIT,  and  let  it  give  out  the  mechanical 
eneigj'  SW,  and  if  all  sorts  of  such  changes  take  place  and  the  body 
comes  back  to  its  old  state  again,  how  do  we  take  account  of  what 
has  happened : — 

1.  If  we  reckon  up  all  the  work  done  by,  and  done  on  the  stuff  we 
do  not  find  that  the  accounts  balance. 

2.  If  we  reckon  up  all  the  heat  given  to,  and  given  out  by  the 
i^tuff  we  do  not  find  that  the  accounts  balance. 

3.  If  we  look  upon  all  the  work  and  heat  as  energy  and 
calculate  it  all  in  foot-pounds,  we  find  that  the  account  does 
tNdance. 

Now,  is  there  any  way  in  which  we  can  make  the  work  account 
balance  by  itself?  Yes ;  when  the  work  BW  is  done,  do  not  reckon 
it  up  directly,  but  divide  by  the  j)  at  the  time,  and  then  reckon  up : 
what  we  really  reckon  up  is  BW  -^  j^  ^r  Bv,  the  mere  change  of 
Tolume,  and  this  must  come  back  to  the  same  value  again. 

Similarly,  if  we  divide  every  BIT  by  t,  so  that  when  1,000  units 
of  heat  are  taken  in  at  the  constant  temperature  500,  we  say  "  the 

entropy  added  is   ,^^  or  2,'*  and  again  when  we  take  out  the  heat 

800  at  the  constant  temperature  400  we  say,  "  the  entropy  taken 

800 
*way  is  j^  or  2  " ;  if  we  take  care  to  reckon  in  this  fashion,  every 

amount  SH  being  divided  by  the  t  at  the  time,  and  if  we  call  the 
IB  divided  by  the  t  by  the  name,  entropy,  we  shall  find  that  when 
the  stuff  is  brought  back  to  its  old  state  again,  we  have  just  given 
out  as  much  entropy  as  we  have  taken  in.  The  account  balances 
exactly. 

Is  there  anj'  other  good  analogy  ^  Many  a  time  have  I  worrie<l 
over  this  pedagogic  difficulty.  How  tu  give  this  ])<>werful  idea  in 
»  simple  way.  What  is  the  use  of  trying  tn  prove  this  second 
l»w  of  thennodjTiamics  unless  one  knows  that  one  can  compre- 
hend it  when  one  has  provt'd  it  ?  And  so  many  men  prove  it  in 
Wcs  and  talk  glibly  about  it,  to  whom  it  is  a  mere  bit  of  mathe- 
Qtttics  !  Is  it  a  name  fur  its  unit  that  is  wanted — then  here  I  give 
it  a  name  for  the  first  time.  When  1,800  units  of  heat  are  given  at 
the  absolute  temperature  OOO,  I  shall  siiy  that  entropy  of  the 
*mount  1,800  -r  ()00  or  3  Hajiks  is  given  to  the  body.  This  will 
ke  3  Ranks  whether  th<*  heat  is  in  Fahrenheit  units  at  absolute 
^fthrenheit  temjiemture,  or  Centigmde  units  at  absolute  Centigrade 
^perature.  The  name  Rank  I  take  from  the  name  of  Rankine 
^ho  first   u»S'd   ^   and  gave   it   a   name  which    I    need   not   now 


346  THE  STEAM  BNOINB  our.  V 

mention,  as  everybody  uses  another  name  'Mitropf;'    In  goml 
equations  entropy  is  measured  as 

heat  received  in  work  nnits 
absolute  temperature  of  reception 

so  that  Banks  must  be  multiplied  by  Joule's  equivalent 

SOO.  Latent  heat  is  usually  given  to  water  kept  at  ooMtaft 

temperature,  to  convert  it  into  steam ;  in  this  case  the  gain  i 

entropy  is  easily  calculated.    It  is  the  hkteat  heat  divided  hj  ike 

absolute  temperature. 

When  the  temperature  of  a  body  changes  as  it  receives  heifc, « 

have  to  calculate  the  gain  of  entropy  by  small  amounts  aod  M 

up.    The  gain  S^  is  the  gain  of  heat  SJET,  divided  by  the  abeolnle 

temperature  t    Thus  a  pound  of  water  receives  heat  £J7,  wbick 

in  heat  units  is  very  nearly  St  when  being  heated  from  ^  to^+t 

dt     J 
(see  Art  208).  Wesaythat  it  has  gained  the  entropy  <i^  »  Y  andie 

must  integrate  this  to  get  the  total  gain  from  the  temperature  t^  or 

^  -  ^0  =  log-  ^  -  %  *o 
If  ^0  ^  461  +  32  Fahrenheit  or  2737  Centigrade,  the  freeso; 
point  of  water,  and  ^  is  counted  from  this,  so  that  ^^  ^  ^> "  ^ 
usually  employ  ^^  to  denote  the  entropy  of  a  pound  of  watir, 

*.  =  log.j^jOrlog.2-^ 

Of  course  <^«  for  a  pound  of  steam  is  ^^  +-.    The  ^  of  a  pound  uf 
stuff  niado  up  of  .r  lb.  of  steam  and  1  —  .i?  lb.  of  water  is  evideotij 

201.  Wo  shall  see  in  An.  8(i2  that  in  a  pound  of  perfect  |tf 
whi^Si^  law  is  ^—  =  ^  where  p  is  in  pounds  per  square  foot,  and  v  ifl 

oubio  ftvt,  if  the  entropy  was  tf>^  when  the  stuff  was  in  the  state p^t^ 
anil  t^^ 

<^--^,,  =  :  loc.-^  -f  A'losj- (1) 

or  =  A' loc- *- —  i?  K>C  - (2) 

or  =  V  lojr,  '    +  /?  lov:  - c3) 


I 
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Here  k,  K  and  R  are  in  foot-pound  units.  Or  if  we  divide  all 
across  by  Joule's  equivalent,  we  get  if>  in  Ranks,  and  we  may  still 
ibe  k  and  K  for  the  specific  heat  at  constant  volume,  and  constant 
prwsure,  respectively,  in  units  equivalent  to  BarJcs,  and  if  R  is  known, 
it  is  easy  to  divide  it  by  Joule's  equivalent ;  thus  for  air,  R:J  becomes 
DfeJT  ranks.  Our  numbers  are  now  the  same  for  either  scale  of 
temperature. 

Exercise.    One    pound  of   air,  p^  =  2116  (one    atmosphere), 

r,=  12*39,  /o  =  ^93  (Fah.)  and  R  =  5315,  let  ^^  be  called  0 ;  find  t^  in 

'Rt 
ranks  when  r  =  3,  ^  =  900.     We  find  that  p  would  then  be     -  or 

ld,9oO  lbs.  per  square  foot. 

R 
K  for  air  in  heat  units  is  '2375,  yw^  =  0687,  and  as  K  —  k  =  R 

for  any  perfect  gas  when  in  foot-pound  units 

I-  =*  if-  J?  =  -2375  -  -0687  =  1688  in  heat  units. 
Hence  (1),  (2)  and  (3)  become 

♦  nmks=  -1688  log.  ^^"  +  2375  log.  ^2^39-=  00041 
=  •2375  log.  g^  -0687  log.  ^-^=  00041 

=  1688  log.  ^J^  +  0687  log.  j^  =  00041 

^  that  we  see  we  get  the  same  answer  by  all  the  ways  of  working. 

202.  The  statement  that  ^  depends  on  the  statt^  of  xhv  stuff,  is 
^ften  put  in  other  ways. 

Thus  in  classes  in  physics  we  are  taught  how  Carnot  conceived  of 
iiinff  working  in  an  engine  under  these  conditions ; — 

1.  Receiving  heat  J?"  at  constant  temperature  T,  from  a  .source  of 
*^  at  the  same  temperature,  expanding  and  doing  work. 

1  Expanding  adiabatically  in  a  non-conducting  vessel,  and  doing 
''^rther  work,  till  it  reaches  the  temperature  t. 

3.  Being  compresscKl  (having  work  done  upon  it)  at  eonsUmt 
^^pemture  t,  and  giving  up  heat  h  to  a  refrigerator  at  this  lower 
^tiuperature. 

4.  Being  further  compressed  adiabatically  so  that  it  shall  return 
^^*  its  first  condition  again. 

Camot  showed  that  this  engine  is  reversible,  and  that  it  is  not 
P^ible  to  conceive  of  an  engine  taking  the  heat  H  at  T.  and  giving 
**?  heat  at  t,  which  would  do  more  work.     We  know  that  the  nett 
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work  done  by  this  perfect  engine  is  JT  —  A  (all  our  measure 
energy  being  mechanical). 

The  gain  of  ^  in  the  first  operation  is  -^  and  its  los 

third  operation  is  -  and  there  is  no  gain  or  loss  of  ^  in  the  i 

fourth  operations. 

H      h 
Our  statement  as  to  ^  is  that  ^^r  =  7 


or 


jy-A      T-t 


That  is,  the  efficiency  of  our  perfect  heat  engine  or  of  a 
sible  engine  working  between  the  absolute  temperatures  I 

(r-O/y.  Perhaps  th 
law  of  thermodynamic 
better  known  to  8tu< 
this  form  than  in  the 
Art.  191. 

203.  If  we  sure  g 
values  of  any  two  of  t 
ties  V,  p,  t,  E,  and  ^  foi 
of  stuff,  we  are  suppos 
able  to  find  all  the  oth 
This  statement  ma^ 
to  be  the  most  genera 
presenting  the  two 
thermodjTiamics.  Indi 
grams  show  the  stat 
values  of  j)  and  r,  and  areas  represent  work  done.  Manj 
gators  have  in  a  general  way  used  other  diagrams,  and 
diagram  connecting  any  two  of  the  above  properties  may 
in  studying  the  behaviour  of  a  pound  of  stuff. 

The  t<f>  diagram  is  not  particularly  valuable  in  calculatic 
or  other  gases,  but  for  stuff  which  is  in  two  forms,  water  a 
for  example,  the  changes  which  Rankinc  and  Clausius  bad 
difficulty  in  calculating,  go  on  visibly  on  the  diagram. 

It  is  to  Mr.  MacFarlane  (Jray's  persistence  that  we  owe 
common   use   of  the  t(f)  diagram,  so   directly   applicable 
engine  ])roblems.     Even  when  steam  is  superheated  a  good 
probably  still   have  both  steam  and   water  always  presen 
cylinder  of  an  engine. 

'  During  change  of  state  p  and  /  are  not  independent. 


Fio.  221. 
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If  we  make  a  U^  diagram  for  a  pound  of  any  kind  of  stuff.    If 
the  stuff  changes  in  state  (Fig.  221)  from 

^  or  PQ  and  t  or  PB,  to  4>  +  S4>  or  MS  and  t  +  St  or  SV 

if  the  heat  taken  in  is  Bff,  the  definition  of  entropy  is  that 
^  =  -j-^  that  t'&4^  =  BH,  and  therefore  the  area  PS  VR  repre- 
sents the  heat  taken  in  during  the  change.  Hence  in  any  great 
change,  say  from  C  to  ^,  the  total  heat  taken  in  is  represented  by 
the  area  CPSFODC. 

304.  Thus  the  rectangle  DEFC,  Fig.  222,  shows  a  Oaraot 
Cfde;  heat  H  is  taken  in  during  the  isothermal  operation  i>^,  at 
the  absolute  temperature  ^ ;  heat  H^  is  given  out  during  the  iso- 
thennal  operation  FC,  at  the  absolute  temperature  ^3.  Now,  the 
distances  DO  and  CG  represent  these  absolute  temperatures,  and  it 
is  evident  that  as  JTi  is  represented  to  scale  by  the  area  DEJ6,  and 
fli  by  CFJG  then  H^  —  H^  or  the  area  DEFG  is  the  work  done. 

vr  u  work  done      DEFC      DC 


or 


H^  DEJG       DG 


h 


It  is  worth  while  for  the  student  to  study  the  figure  more  care- 
fijlly,  writing  1,  2,  3,  4  for  the  operations,  writing  the  value  of  the 
^tropy  at  each  comer  and  noting  that 

It  makes  an  excellent  set  of  exercises — I  hope  that  they  \vill  not  be 
thought  too  tedious — to  work  out  very  carefully  all  that  occurs  in  a 
f^mot  cycle  performed  upon  a  pound  of  air ;  calculating  both  from 
^f9  diagram  point  of  view  and  the  d^  point  of  view.  The  student 
W  better  illustrate  the  work  with  two  figures,  one  like  Fig.  222,  the 
^er  a|w  diagram,  both  drawn  to  scale. 

We  can  find  the  values  given  in  the  following  table  in  various 
^lys.  In  these  four  exercises  I  take  the  most  easy  way  for  each 
operation,  but  the  student  ought  to  accustom  himself  to  all  the  ways 
suggested  in  Art.  192. 

Exercise  1.  A  pound  of  air  v  =  3  cubic  feet,  ^  =  15,950  lbs.  per 
^uare  foot,  i  (absoluW  Fahrenheit)  =  900  (these  agree  with  J2= 5315 
All  186)  expands  at  constant  temperature  to  v  =  12,  find  the  new 


350 


THE   STEAM   ENGINE 


^,  the  heat  taken  in,  the  work  done,  the  gain  in  E  the 
energy,  and  the  gain  in  entropy. 
Aiisiver. 

2?xl2      15,950x3  ^^^y 

900"=  "960        ^'V--^^^^^' 

Work  done  =  pv  log.  4  (see   Art.  188),  or  66,310  foot-po 
85*68  in  heat  units).     Gain  in  entropy  =  heat  85*68  -f-  ten: 


!h^-& 


fr 


« 


Sf 


Fio.  222. 


900  =  00952.     Gain  in  E  ^  0.      Let  these  results  be  w 
the  table. 

We  had  better  count  entropy  <^  as  0  at  atmospheric  pres 

0**  C.   It  is  easy  to  show  as  in  Art.  362  that  <f>^K  log.-Tqo  —  - 

so  that  at  2>,  4>  is  0*00415. 

Exercise  2.  A  pound  of  air  v  =  12,p  =  3,988,  t  =  900, 
adiabatically  to  v  =  42*46,  find  the  new  p  and  t,  &c. 

Answer,  Expansion  being  according  to  the   law  /n^'*^ 
p  (42*46)^*«5  ^  3 988  (i2)M05^  g^  that  p  =  676.     Hence  t  « 

Exercise  3.   A  pound  of  air  at  v  =  42*46,  p  =  676,  t 
compressed  at  constant  temperature  to  the  volume  10*62 :  ^ 
pressure,  the  work  done  upon  it,  the  heat  taken  from  it  and  t 
entropy  ?     Answer,  Its  pressure  is  2,704.    The  work  done  c 

42*46 
m  log.  YQ:gr>  or  531 5  x  539  log.  4  or  39,720.    This  is  also 
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token  from   it,  or   dividing  by  774   we  have  51*32  units  of  heat. 
Dividing  this  by  539  we  find  '0952  the  loss  of  entropy. 

Exercise  4.  A  pound  of  air  atv  =  10*62,  j^  =  2,704,  t  =  539,  is 
compressed  adiabatically  to  ^  =  900 :  find  its  v  and  p  and  the  work 
dooe  upon  it.  There  is  no  loss  or  gain  of  heat  or  entropy.  Aiisvjer, 
t^i,p  =  15,950,117  =  -  47,350.      j^,     /',^.  j  .  >  /  6 

A.      (  /^  / 


IVanU. 


D 


D 


Heat  taken 
ill  Qxt&t  and 
wurk  units). 


Work  done 
by  stuff. 


F  42-46 


47-40 
66310 


28-44 
39820 


> 
> 

> 

I 
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66310 

47350 

-  39720 

-47350 


The  student  will  notice  that  in  the  Carnot  cycle  of  a  perfect  gas 
the  works  of  the  two  adiabatic  operations  are  equal.  This  becomes 
dearer  when  we  recollect  that  work  done  in  an  adiabatic  operation  is 
*t  the  expense  of  intrinsic  energy,  and  intrinsic  energy  of  a  perfect  gas 
depends  only  upon  temperature. 

He  is  not  likely  to  spend  too  much  time  in  all  kinds  of  study  of 
the  Camot  cycle  of  a  perfect  gas.  All  the  calculations  are  of  a 
^ure  likely  to  teach  useful  lessons,  both  when  they  are  being 
^^ed  out  and  in  the  study  of  their  results. 


205.  Okuei.     t<f)  diagrams. 

1.  Take  R  =  53*15,  t^^  493,  Vo^  2116.  K  =  238.     Plot  <^  for 
^«e8  of  t  =  493.  550,  600,  650,   700,  750,  800,  &c.,   if 

^^^log.  ^o  ;  cut  this  curve  out  of  a  sheet  of  zinc  as  a  template. 
For  the  values  of  p,  1  J,  2,  2i,  3,  3^,  &c.,  atmospheres,  calculate 

^e  value  of  R  log.  -^ . 

Now  draw  i^  curves  of  equal  pressure,  sliding  the    template 
'^OQsontally  so  that  each  shall  represent 

<^  =  Ariog.  f-iJlog.^"-. 
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i 
2.  In  the  same  way  make  a  template  for  ^  ss  k  log.  y  and  for 

*o 

V  =  IJ  Vo,  2  Vq,  2 J  Vq,  &c.,  J  t;^,  J  r^,  i  Vo»  i  ^o»  &c-»  calculate  Jl 

V  .  .  .  . 

log.  -  the  distance  through  which  the   template    must  slide  hon- 

zontally. 

Invthis  way  my  students  have  obtained  sheets  of  curves  which 
they  use  for  rapid  calculation  of  difficult  looking  problems.  Of 
course  isothermal  and  adiabatic  lines  are  straight  horizontal  and 
vertical  lines.  On  such  a  diagram  it  is  easy  to  lay  out  the  t<f>  expan- 
sion curve  of  a  given  gas  engine  indicator  diagram. 

Superheated  Steam. 

If  from  the  point  of  saturation  we  may  imagine  the  stuff  to 
behave  as  a  perfect  gas,  the  intrinsic  energy  of  I  lb.  of  superheated 
steam  is  the  same  as  that  of  1  lb.  of  saturated  steam  at  the  same 
temperature,  because  intrinsic  energy  of  a  gas  depends  upon  tempeia* 
ture  only.  This  assumption  is  good  enough  for  many  steam  engine 
calculations.  Hence  then  a  t^  diagram  for  a  perfect  gas  is  also  ao 
E^  diagram.  I  think  that  to  assume  JT  to  be  '475  in  any  important 
calculation  is  very  wrong  (see  Chap.  XXXI.),  but  until  a  proper 
measurement  is  made  we  may  adopt  it  for  academic  purposes.  The 
density  of  steam  being  taken  as  f  that  of  air,  the  i2  of  a  pound  of 
superheated  steam  may  be  taken  to  be  153.  Also  (JT  —  k)  1393  =5 
so  that  k  =  0  359. 

My  students  have  added  to  the  ordinary  t<f>  diagram  for  water  and 
steam,  the  t^  diagrams  for  constant  pressure  and  volume  of  sup^ 
heated  steam  to  facilitate  some  exercise  work  that  is  really  some- 
what misleading.  For  example :  If  there  is  only  a  pound  of  diy 
steam  in  a  cylinder,  how  does  it  receive  heat  if  it  expands  acoord- 
ing  to  the  law  pv  constant,  or  pv^  constant,  if  b  is  less  than  MS 
so  that  we  know  there  is  heat  received  during  expansion.  A» 
I  believe  that  there  is  always  some  water  present  in  cylinders  * 
look  upon  this  as  an  academic  exercise.  If  it  must  be  worked, 
I  say  that  we  may  take  it  as  the  case  of  a  perfect  gas  and 
the    rate    of    reception    of   heat    per   unit  change   of  volume  » 

,  p  where  7  is  1  '3. 
7  —  1  -^  ' 

In  calculating  the  total  heat  required  for  the  production  of  1  lb.ef 

sujKTheated  steam  of  pressuri?  p  and  temperature  0^,  I  usually  assame 

that  water  at  if  C.  is  first  converted  into  saturated  steam  at  the 

pressure  j9  and  the  temperature  ff"  C.  receiving  Regnaults  JET,  and 
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tkit  it  then  receives  the  further  heat  {0^  —  ^)  x  0*48,  assuming  0*48 
H  the  constant  specific  heat  of  superheated  steam.  This  gives  us 
K)6-5  +  0-305d  +-48  {O^  -  0),  Rankine  on  the  assumption  of  0*48 
bring  the  constant  specific  heat  of  superheated  steam  from  0*  C. 
jives  another  formula.  But  we  know  that  it  is  wrong  to  assume  0*48 
IS  the  constant  specific  heat  from  ^  to  ^^ ;  Rankine  assumed  it 
ooirect  from  0*  C.  to  0^"*  C,  and  he  is  much  more  incorrect  than  we. 

206.   Intrinsic  Energy  £  of  Water-Steam. 

The  intrinsic  energy  of  a  pound  of  water  at  t°  F.  is  the  heat,  A, 
rfthetahle.  Art.  180.  We  ought  to  subtract  the  work  done  in 
ttpmsion,  but  this  is  evidently  very  small. 

The  intrinsic  energy  of  a  pound  of  steam  at  ^°  F.  is  the  heat,  JT,  of 
the  taMe,  (in  foot  pounds)  minus  the  work  done  by  it  in  its  forma- 
te "which  ispu  foot-pounds,  or  If'-pti, 

The  intrinsic  energy  therefore  of  1  lb.  of  stuff  consisting  of  x  lb.  of 
•'^  1  —  a;  lb.  of  water  is 

E=  x{ff-  pit)  +  (1  -  ^' )  K  or 
E  ^  h  +  z{l  -  pu)  .    ,    .    .  (1) 

"iod/are  in  work  units  or^^w  is  divided  by  Joule's  equivalent  774 if 
'is  to  be  in  heat  units.     Notice  that  values  of  /  —  pic  (called  JE  in 
^  table)  are  given  in  heat  units. 

Exercise.  A  pound  of  stutf  7  of  steam,  S  of  water,  at  95  lbs. 
P*  8q.  in.  (or  323°*9  F.)  expands,  bi'coming  8  of  steam,  "2  of 
^^y  at  50  lbs.  per  square  in.  (or  280°'8  F.);  what  heat  has  been 
9^1  Consulting  the  table  we  see  that  the  gain  of  intrinsic  energy 
•251 +  -8  (839)  -  (2951  -h  "7  x  804-9)  or  637  heat  units:  this  is  to 
*  idded  to  the  work  done  and  the  work  cannot  be  calculated 
"^thoat  more  data. 

907.  Xzercises  niuitrating  Teits  of  Wetness  of  Steam. 

I.  Condensing  Methpd.  A  well-lagged  tank  containing  200  lbs.  of 

to  at  60'  F.  increases  5  lbs.  in  weight  by  the  reception  of  wet 

6im  at  lOrO  lbs.  jyer  srj.  in.  pressure,  brought  by  a  small  connection 

MD  the  steam  pipe  ;  the  temp<Tature  at  the  end  being  83°  F.     If 

heat  has  been  lost  find  the  wetness  of  the  steam. 

Anawer.  x  lb.  of  steam  and  1  —  .r  lb.  of  water  cooling  to  32'  F. 
m329'  F.  would  give  out  the  heat  1182*2  x  -h  299*5  (1  -  .v)  heat 
its,  and  subtracting  83  —  32  or  51,  becaii.se  each  {K)und  of  stuff  is 
J  reduced  to  83^  F.,  we  have  5  (882*7  x  +  248*5)  as  the  total  heat 

A    A 
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given  to  the  200  lbs.  of  water,  which  being  raised  from  60^  F.  to 
83^  receives  200  (83  -  60),  or  200  x  23,  or  4,600  units.  Hence 
5  (882-7  X  +  248-5)  =  4,600.  Hence  x  =  0-761,  or  761  per  cent  of 
the  stuff  is  steam,  and  23*9  per  cent,  is  water.  The  student  will 
notice  that  the  most  important  defect  of  this  method  lies  in  the 
difficulty  of  measuring  accurately  the  increased  weight  of  the  tank. 

2.  Condensing  Method.  Some  steam  is  continually  being  drawn  off 
from  the  steam  pipe  into  a  imall  lurfkce  condenser.  Suppose 
the  pressure  in  the  steam  pipe  to  be  101*9  lbs.  per  sq.in.  The  water 
in  one  hour  is  weighed  and  found  to  be  5  lbs.,  its  temperature  being 
110°  F.  The  condensing  water  which  pcisses  during  the  hour  » 
measured  and  found  to  be  300  lbs.,  its  temperature  upon  entering 
being  60*^  F.,  and  on  leaving  being  75''  F.  What  is  the  wetness  of 
the  steam  in  the  pipe  ? 

Answer,  Calculating  as  in  the  last  exercise,  if  in  each  pound  of 
stuff  we  have  x  lb.  of  steam,  and  1  —  a;  lb.  of  water:  this  at  329''  F. 
cooling  all  to  water  at  110^  F.  gives  out,  per  pound, 

1,182  X  +  299-5  (1  -  x)  -  (110  -  32) 

units  of  heat.  Five  times  this  is  equal  to  the  heat  given  to  300  lbs. 
of  water  to  raise  it  15  Fahrenheit  degrees,  or  4,500  heat  units. 
Solving  the  equation,  x  =  0*769,  or  76*9  per  cent,  of  the  stuff  i» 
steam. 

3.  Throttling  Method,  A  small  supply  of  steam  is  drawn  off  firom 
the  steam  pipe  and  throttled  in  ^mssing  through  a  well-lagged  tap 
into  a  well-lagged  chamber  from  which  it  can  escape  freely  into  the 
atmosphere.  If  the  original  steam  does  not  contain  much  moisture 
it  will  be  superheated  after  the  throttling,  and  the  temperature  of  i^ 
enables  us  to  calculate  the  previous  wetness. 

Suppose  the  steam  at  101  'O  lbs.  per  square  inch  and  329**  F.,and  that 
in  the  chamber  at  atmospheric  pressure  the  temperature  is  found on» 
very  accurate  thermometer  to  be  218°'5  F.  Very  careful  measurement 
of  the  actual  pressure  in  the  chamber  must  be  made  by  a  barometer; 
supiKxse  that  this  is  found  to  be  14*35  lbs.  per  square  inch  [prove  that  a 
barometric  height  of  2914  inches  corresponds  to  14*35  lbs.  per  square 
inch.]  Now  find  by  the  table,  Art.  180,  the  energy  in  1  lb.  of  super- 
hoati'd  steam  of  the  pressure  14*35  and  temperature  218*'*5  F.  Sato- 
rated  jstt'am  at  this  pressure  would  be  at  the  temperature  210*8.  For 
a  pound  <»f  such  satunited  steam  H  of  table  would  be  1145*4;  add  to 
this  the  heat  recjuired  to  superheat  it  from  210°*8  F.  to  218''-6  ^ 
0*48  X  7*7,  or  3*7  irnits,  so  that  the  heat  of  formation  of  such  8upe^ 
heiited   steam   from   32°  F.  is  1149*1.     Now  x  lb.  of  steam,  9sA> 
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-  X  lbs.    of  water  had  the  total  heat  1182*2  a;  +  299*5  (1  -  x) 
ttting  this  equal  to  11491  we  find  x  =  '9626  or  9626  per  cent. 
the  stuff  is  steam. 

The  thoughtful  student  must  have  met  with  some  difficulty  in 
ddng  the  above  exercise,  which  will  be  cleared  by  the  following. 

Exercise.  Steam  at  jJj,  0^  F.  and  dryness  x^,  is  throttled,  be- 
oiing  steam  at  p^^  0^  F.  and  dryness  x^  If  the  other  numbers  are 
cen,  calculate  x^  on  the  assumption  of  a  perfectly  non-conducting 
pe  and  valve. 

Let  us  study  what  occurs  at  a  cross-section  where  the  steam  is  at 
.  Every  pound  that  crosses  this  section  carries  with  it  its  intrinsic 
lergy  which  is 

J{0^  -  Z2)+x^{l^J -  u^p^), 

Vis  Joule's  equivalent,  I  the  latent  heat,  u  the  volume  of  a  pound 
f  steam.  But  it  also  has  the  work  done  upon  it,  the  pressure 
miltiplied  by  the  volume,  which  is  x^  u^  p^.  Hence  the  energj- 
nteringat  the  section  is  t7'(^i  — 324-^i/i),  or  its  total  heat.  Similarly 
XMning  out  at  a  section  where  the  pressure  is  2^t  ^"^  have  per  pound 
ot  stuff  the  energy 

J{0^^^2+xl^). 
And  as  we  assume  just  as  much  energy  to  leave  as  to  enter, 

0X+X^h  =  ^2  +  ^2^2 

od  80  d^  may  be  calculated. 

If  at  the  lower  pressure,  it  is  at  0^  F.  but  is  superheated  to 
's*  F.,  its  intrinsic  energy  is 

J{0^  '-  S2  +  l^)+JK(0^''0^)  -  p^v 

if  f  IS  the  volume  of  1  lb.  of  it ;  but  it  does  work  p^v  in  leaving  the 
Bpioe,  hence  we  take 

0i+x,l,  =  0^+l^+K(0^  -  0^). 

Of  course  our  want  of  exact  knowledge  of  the  value  of  K  causes 
ttin  such  measurements  to  reduce  the  amount  of  super-heating  as 
imeh  as  we  possibly  can. 

i.  Melting  of  ice  method,  A  well-lagged  case  contains  30  lbs. 
^  broken  ice  separated  by  wire  gauze  partitions  so  that  the  ice 
xposes  a  very  great  surface.  The  case  is  exhausted  of  air,  and 
teun  is  admitted  in  such  a  way  as  to  melt  the  ice  quickly.  The 
Dial  amount  of  water  coming  from  the  box  is  36*8  lbs.  at  100'' F. 

Each  pound  of  ice  received  latent  heat  142  units-f-(100  —  32)  or 

A  A   2 
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210  tinitfl.     Hence  the  heat  received  by  the  ice  is  30x210  or  6^ 
iinitH. 

In  each  pound  of  fresh  water  stuff,  if  we  have  x  lb.  of  steam 
and  I  —  a:  lb.  of  water,  the  total  heat  given  out  in  cooling  to 
100"  F.  is 

l,182-2a;+ 299-5  (1  -  a)  -  (100  -  32) 
or  882-7a:+ 231-5 

and  as  wo  have  6*8  lbs.  of  this  fresh  water  stuff 

6-8  (882-7  «+ 231-5)  =  6,300, 

»o  that  X  =  0*787,  or  78*7  per  cent,  of  the  stuff  entering  the  box  was 
stiniui. 

5.  Iii>t  \H\  lbs,  of  water  stuff  (each  pound  of  which  has  x^  lbs.  of 
sUmuu"^  ontor  a  woll-lagged  vessel  in  which  there  is  already  W^  lbs.  of 
wator  stuff  (inich  pound  of  which  has  x^  lb.  of  steam)  forming  a 
uuxtun\  What  is  the  drvness  of  the  mixture?  Here  we  say:- 
Tho  ht'^t  of  formation  of  IFj  +  the  intrinsic  energy  of  the  IT,  = 
tho  iutrin^iao  onorj^v  of  the  resulting  mixture, 

JSxt^m^^f.  Tho  vt\i5sol.  well-lagged,  contains  at  first  11  lbs.  of  water 
yas  uot^nl  on  a  c^ug^^  glass  tube>  and  6*64  cubic  feet  of  steam  (or 
Oir^  lK^  AT  :il^''  F,  A  jvur:  of  the  metal  of  the  vessel  is  exposed  w 
,«*  rt^n^o  whxv^h  r.\,«iY  Iv  :iv^  rv^jr>:!:\tt:xl  that  for  ten  minutes  there  i?  no 
,'^*:x  *,^^:\x^r,  -.r,  thv-  ms.Ko  hvich*  vt'  the  waier.  the  pressure  remaining 
svv,<:s«^r.:  I  Assv.r.u^  th,-^*  :h:<  r.A:::-:-  ;::<:  conipensates  f-r  loss  of  heal 
>\\  th,  x;'s-<=s*.  v\  r,v.;x-::;r,  :>  r.  *  tvjki^  with  the  steam  pi p^:- where 
.h^'  vvv^vv.;:v  *.s  U''l  :^  .VtN  vnr  >c'.:Arv  i:i."h  s*;-  that  the  steam  :-.•  be 
,>v.,v,  \\>>^>  <  ;^*"/v,v>.  .s  :>."  .v.!  :!  t:i>:>  in  the  water  without  niuch 
>i  N,  .vAs,''.v  Vt  :"v  ;V'-i  .  t"  ii  .vci^rr.trrt  time  the  conn»:-o:i>n  is 
N>:  .,  o:^'      V.*'>    c^.  ^v   ^  ^>5>  v:«    ir-»i:rAtc<  thAt  there  are  116  lb?. of 

'^-^  .X       ;.     ^,  ■     ■  ■:    ..:    /t     r.     c   vA:er.  th-:rr  is   n:-w  6i)^ 

•     •'•''    vv  •    ^^*  '     :^^  N-    Ss  •;>'-  -J^iT^JyT-   m-rh    :r  t'T4-=-14tMor 

^^'♦'      >•  ^     •  V'  >   ^;    T-  V     !,j.. . :    lIr^/47    v-r    1-07  lbs 

,%vv.        v^     .-,      v»  \t   ,  ;;^-i?   :c  : :  15  "/ttf.  s:  thit  •>>- -'b 

>>  •  ,     -w  ^  -..^       -» -.    "  -    ■•   -    "^  I*      5^     ^ 
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The  intrinsic  energy  now  is 

0-47  (ll57-6  ,.2^'^gx^^xl^'Q^\4,ii.6  x  216-9. 

The  incoming  energy  was 

0-82  |a;(1182-2)+(l  -  x)  299'5| 

Putting  the  sum  of  the  first  and  third  equal  to  the  second  we 
havez  =  0*725,  or  72*5  per  cent,  of  the  entering  stuff  was  steam. 

I  do  not  describe  here  the  so-called  chemical  tests,  as  they  are 
quite  valueless. 


CHAPTER  XXIII. 

WATER— STEAM,  0<l>  DIAGRAM.      EXERCISES. 

a08.  We  find  that  the  law 

A  =  5  +  00002  ^  + -0000003  ^ (1), 

the  temperature  being  d°  C,  h  being  the  heat  given  to  a  iM>iiiid  of 
water  at  0*"  C.  to  raise  it  to  O""  C.  under  gradually  increasing  pressure, 
is  fairly  well  satisfied.    If  t  is  the  absolute  temperature,  t  =  0+273*7. 

Now  d<l>  =  — -.      Hence  if  we  were   to  take  it  that  in  water 

dh  =  dt,  if>^  log.  t  +  constant.    If  ^  is  taken  to  be  0  at  0""  C.  then 

0  =  log,  ^^ (2).     It  will  be  found  that  above  120*  C 

there  is  a  noticeable  error  in  using  this  simple  formula. 
If  however  we  take  the  more  exact  rule  given  above 

<f>  =  10565  log.  ^      +  9  X  10-7  ^^  _  502-96  A  +  00902  .   .  (3). 

The  student  will  find  it  an  excellent  exercise  to  use  this  forrauU 
in  calculating  the  nuinlx^rH  in  the  table,  pages  320-321. 

I  shall  often  take  the  simpler  formula  (2)  as  stated  in  Art  200. 

309.  In  all  the  following  academic  exercises  it  is  to  be  an<le^ 
stood  that  the  stuff — water  and  steam — is  all  at  the  same  tciB- 
perature.  We  must  be  cautious  in  using  the  results  of  such  calculatioo> 
in  the  consideration  of  actual  stcixm  engine  problems. 

All  the  calculations  made  by  Rankine  and  others  proceed  oD 
certain  assumptions.  One  assumption  made  by  everybody  is  thattb^ 
stuff,  water  and  steam,  is  all  at  the  lame  temperatnr*  at  the  9U^ 
instant.  Now  if  it  is  also  assumed  that  we  know  exactly  how  WHOH^ 
water  is  with  the  steam,  we  have  seen  that  MacFarlane  Gray's f>^ 
diagram  (a  method  which  supersedes  other  more  cumbrous  methods) 
enables  us  to  Siiy  exactly  how  much  heat  is  being  given  to  or  given 


WATER— STEAM 


359 


e  stuff  to  the  metal  of  the  cylinder  at  every  instant  during 
ision,  and  indeed  during  all  the  cycle  if  we  still  assume  that 
exactly  how  much  water  and  steam  we  are  dealing  with. 
Q  exact  account  in  this  way  from  experimental  results  of  an 
igine  was  first  done,  I  think,  by  Him,  and  the  method  has 
3orately  developed  by  his  pupils.  The  method  is  called 
ethod  although  it  is  what  any  student  of  Rankine  would  do 
yeing  told.  I  feel  quite  sure  that  a  great  deal  too  much  has 
de  of  it,  and  that  the  results  of  the  elaborate  analyses  of 
Him's  followers  are  of  no  practical  use  and  indeed  give  a 
;rue  account  of  what  occurs  inside  the  cylinder  of  a  steam 
I  would  beg  of  the  student  to  use  these  assumptions  only 


S£^ 


P 


Fk;.    J'ja. 


[>rking  of  suggestive  exorcises  like  those  that  I  have  given 

v.,  and  in  what  follows. 

.    A  pound  of  water  stuff  containing  x  lb.  of  steam   and 

)f  water,  at  the  temperature  t  has  entropy  xlt  in  addition 

1  lb.  of  water  has ;  if  /  is  the  latent  heat  of  1  lb.  of  steam. 

I  Fig.  223  if  tho  point  P  r<*prcsonts  the  (f)  and  t  of  1  lb. 

and  Q  represents  that  of  1  lb.  of  steam,  ^  will  represent 

PS 
ater  stuff  of  which  tho  fraction     ^.  is  steam  and  the  fraction 

ter. 

CISE  1.  A  pound  of  water  stuff  at  5    F.  contains  x  lb.  of 
d  1  —  j:  of  water,  find  0,  if  <f>  is  0  for  1   lb.   of  water  at 
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Graphical  Method.     In  Fig.  223a,  where  0  represents  32''  F.,  and  \. 
any  line  like  ABC  in  at  any  particular  temperature  such  as  ^'F.;  ^ 
AB  represents   <}>„,  AC  represents   ^,;  make  BP/BC  =  x.    Then  ^ 
^P  shows  the  value  of  <(>, 

Algebraic  Method. — We  saw  in  Art.  200  that  the  answer  is 

Z^:^^^ '''^ 

In  case  the  table  is  not  at  hand  we  may  use    .  j  . 


<^  =  (1  -  x)  ipu^  +  x<f>t^ 


<l>  =   log.    T7T7T  +  X- 


493 


t 


\ 


Exercise.    One  pound  of  water  stuff  at   392''  F.,  or  <  =  75$ 
contains  0*9  lb.  steam,  01  lb.  water ;  it  expands  adiabatically  (tht^ 


'      ' 

\ 

/ 

P' 

V 

l^w 

'K 

siF 

/ 

\ 

\ 

0 

H 

Fk;.  228a. 


is  keeping  its  <f>  constant)  to  21G''  F.,and  then  contains  x  lb.  ofsteaiDt 
find  X. 

1st,  Graphically.  Draw  AC,  Fig.  223a,  for  392°  F.,  and  A^C^  for 
21G'  F.  Let  Pi^  =  0  X  j5C;  draw  PP^  vertically  ;  x  is  the  value  of 
P^i  -^  B^C\  and  in  this  case  I  find  it  to  be  078. 

2nd,  Algebraically.  /  for  392°  F.  (or  t  =  853  abs.  Fah.)  is  83(5  by 
the  table,  and  /  for  216'  F.  (or  t  =  677)  is  961,  and  hence 

• 

I       853  ,   .  „  wm      ,      677  ,      961 
'"S•493  +  ^■^S5:i=•"S•4<m  +  ^677 
Hence  x  =  078. 


mi.   Exercise  for  a  Clasi  of  Students. 

Lc't  1  lb.  of  water  stuff,  consisting  of  s  lb.  of  steam  and  1  —I  of 
water  at  0'  C,  expand  adiabatically  to  Oq"  C.  Find  the|>,  v  diagm®, 
and  assuming  that  the  expansion  curve  follows  a  law  like  pt^  **  • 
constant,  find  k.  How  does  condensation  or  evaporation  goon  during 
the  adiabatic  expansion  ? 
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\od.  At  the  temperature  0°  C.  on  the  t  j>  diagram,  Fig.  224, 
e  horizontal  ABD.  Find  C  so  .that  BC/BD  =  s ;  draw  other 
tab  A^B^D^  at  various  temperatures  and  the  adiabatic  vertical 

GG^Cq.  The  ratio  of  any 
B^G^  to  its  B^D^  is  the  frac- 
tional quantity  of  steam 
present  and  if  we  neglect 
the  volume  of  water  present, 
the  volume  of  this  steam  is 
the  whole  volume. 

Example  L  (1).  Let  6° 
C.  be  IQS""  C.  (pressure 
2033  lbs.  per  square  inch). 
Let  s  =  1  so  that  there  is 
no  water  present  at  the 
_  beginning  of  the  expansion. 
Proceeding  as  directed,  a 
student  finds  the  following 
u  is  the  volume  of  1  lb.  of  dry  steam  at  each  of  the 
ktures  at  which  a  measurement  is  made,  v  is  the  actual 
of  steam  present.  Plotting  log.  p  and  log.  v  on  squared 
nables  us  to  find  k,  x  is  the  amount  of  stuff  in  the  steam 
every  point,  and  its  value  shows  therefore  whether  there  is 
tion  or  condensation  going  on.  s  is  the  value  of  x  at  the 
ng  of  the  expansion. 


CnUonf      P 


Fio.  224. 


*'. 


2a^-3 


145-8 


89-86 


•97 


2  "242 


•944 


.•^iWo 


4-827 


2*242 


2-994 


4-.V)6 


Ing.  p. 


2;k)8i 


2-1638 


1 -9036 


h>g.  ,-. 


•3r)06 


•4763 


•6r>8«J 


52-52 


•918 


•99.-) 


•338 


I  7'2«>4 


Hi^M) 


28-83 


•Hm 


14-04 


12-44 


I  -4599 


1-<HM7 


14-7       I 


•8r>8 


28-43       .     22-68 


I  1673 


1-3556 
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Example  I,  (2)  Same  as  /.  (1)  but  begin  with  s  =  0*76, 

Example  L  (3)  Same  as  /.  (1)  but  begin  with  $  &=  0*5. 

Example  7.  (4)  Same  as  7.  (1)  but  begin  with  b  =  0*25. 

Example  L  (5)  Same  as  7.  (1)  but  begin  with  »  =  0. 

Example  IL  Let  5**  C.  be  les**  C.  (101-9  lbs.  per  square  inch). 
Let  lowest  temperature  be  85""  C.  and  use  the  above  values  for  «. 

Example  IIL  Let  ff"  C.  be  140°  C.  (5252  Iba  per  square  inch). 
Let  lowest  temperature  be  85*  C. 

In  every  case,  plot  log.  p  and  log.  v  on  squared  paper  and  find  if 
there  is  any  such  law  as  ptf^  =  a  constant. 

Each  of  the  answers  in  the  following  table  is  the  mean  of  the 
results  of  four  students.  They  were  elementary  students  and  the 
results  are  likely  to  be  not  quite  so  correct  as  those  obtained  by 
advanced  students.^ 


Best  Value  of  k  if  Adiabatic  Expansion  is  sufposed  to  iollow  the 
Law  pv^  CJoNSTANT  as  it  very  nkaklt  doib. 


Range  of  Raiig«  of 

ProMure.  Temperature. 


Beet  TAluee  of  k  tor  the  foUowtng  raluee  of  dryneM  »t 
banning  of  expMieion. 


10 


0-75 


'     102  to  8  IQo"  C.  to  85"  C. 


1129   ;     1108 


Average  values  of  I*    ...        I'l.SO 


0-50 


0-25 


i     2a3tol5    1 1»5' C.  to  100' C.  '     1129        1113!     1*054 


•959 


5.3  to  8       I  H(r  C.  to  85^  C.        1135   i     1110   i     1*069 


1-110   '     1-078        1023 


'        I 


1110  I     1-022  i      I 


c 


1-089  I       > 


Riinkine  gives  the  number  k  =  10/9  or  1111  as  correct  for  tb^ 
adiabatic  expansion  of  steam,  but  the  details  of  his  calculation  tf* 
now  lost.  The  formuhi,  k  =  1035  -f  O'ls  has  been  given.  Tb* 
MacFarlane  Gray  diagram  enables  elementary  students  to  work  eaailf 
for  themselves  what  we  used  to  be  compelled  to  take  on  trust.  Tb* 
above  vahies  tit  fairly  well  the  rule  ^-  =  1  +  0"14«  for  any  of  tto 
ranges  of  temperature. 

313.   To  quickly  convert  a  jw  diagram  of  steam  into  a  '^ 

•  Mr.  F.  \V.  AnioM  uHNiHted  in  the  above  work  ;  in  his  holiday  he  has  dooe  tki 
work  very  thoroughly,  and  obtained  a  most  interesting  set  of  relations  betWMB  ^ ta^ 
H  and  the  range  of  tcni|)erature.  I  winh  I  couUl  here  find  space  to  reprodnoe  tki 
Waiitiful  (!urveH  he  has  drawn.     I  ho])e  that  they  may  be  publiahed  eUewhere. 


WATER— STEAM 


363 


n  the  plan  of  Art.  65  is  the  one  which  I  use  myself.  It  may 
t  shorter  methods  may  be  invented,  but  I  like  it  because  it 
to  keep  general  principles  well  in  the  mind,  and  unless  one 
g  many  exercises  (a  most  unlikely  thing  unless  one  is  engaged 
lecial  kind  of  investigation)  special  rules  are  very  easily  for- 
I  have  used  the  following  method  and  it  may  give  satisfaction 
te  students. 

t  distances  measured  vertically  from  O'G,  Fig.  225,  represent 
ite  temperature.  I^et  distances  measured  from  OP  represent 
Tatures  above  32"  F. :  the  distance  from  0  to  0*  represents  493*2 


pv,  pC,  And  t  ^     'fi/iagrAms  combined. 


-fe- 


G 


Fio."22:>. 


€ed  not  be  more  than  indicated.  The  abscissae  ^ of  the  curves 
Dd  DE  show  the  values  of  <^,^  and  <^,.  The  scale  for  heat  is 
hat  the  area  of  the  rectangle  FDCW  represents  i  x  <f>g  units. 
ffNI  an  actual  expansion  curve  of  an  indicator  diagram,  QJ^ 
anting  pressure  and  PX  volume,  to  any  scale  which  is  con- 
t.  At  some  point  iV  let  us  know  how  much  water  is  present 
cylinder  and  make  MX :  KF  in  the  ratio  of  water :  steam. 
fh  if  draw  the  curve  KM  J  whoso  law  is  pv^-^^^  constant, 
if  any  such  line  as  PNM  is  drawn,  it  will  show  the  ratio  of 
U>  steam. 

t  the  curve  OBS  whose  ordinate  PB  and  abscissa  OP 
nt  temperature  and  pressure  of  steam  from  the  table.  Art.  180. 
i  any  point  P  erect  the  perpendicular  PB  meeting  the  curve 
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OBS  in  J5;  draw  the  horizontal  FABB  through  B  and  div 
so  that  AC  :CD  =  PN :  NJif,  The  point  C  is  a  point  in 
diagram  corresponding  to  N  on  the  indicator  diagram. 

All  students  accustomed  to  graphical  methods  are  aware,  < 
to  be  aware,  of  quick  methods  of  dividing  lines  proportional!; 
another ;  the  best  method  requires  a  sheet  of  transparent 
paper,  or  rather  of  tracing  paper  with  a  number  of  equ 
parallel  lines  ruled  upon  it.  It  enables  one  to  copy  rapidly 
whose  ordinates  and  abscissae  are  altered  in  any  given  pro] 
and  is  very  valuable  if  one  has  much  work  to  do  of  the  sar 


Fio.  220. 

After  all,  however,  a  student  mav  benefit  more  from  the  < 
clumsy  method  of  his  own  as  it  keeps  elenientAry  princip 
before  his  mind. 

1113.  Exercises  with  the  0(I>  Diagram  I.  x^  lb.  of 
1  —  Tj  of  water  at  0^"*  C.  expands  adiabatically  to  0^°C.,  is  then 
to  a  condenser  at  ^3°  C.  The  pv  diagram  for  this  is  boui 
straight  lines  and  one  curve. 

Make  P^By^-^ B^C y^=^Xy^  on  the  horizontal  corresponding 
The    vertical    line   -P^jPo   ^h^^^'»   adiabatic   exjmnsion    to   P, 
corresponds  to  6^  C. 

Let  there  now  be  the  idea  that  we  have  a  vessel  with  a  ] 

water  stuff  of  which  the  fmction  B^JB.^^^  ^^  steam,  kept  at « 

volume  hut  lowered  in  temperature  to  ^3.    To  draw  the  curv« 

that  is  to  find  any  point  P  corresponding  to  any  temperatui 

u^  and  u  are  the  volumes  of  a  pound  of  steam  at  0^  and  d  a 

in  the  table,  Art.  180 ;   as  we  have  the  volume  at  release 

BP 
u,=  ,.^^^  so  that  BP  mav  be  calculated. 


constant      2    * 


BC 


mil 
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If  C^DE  is  the  horizontal  corresponding  to  the  absolute  zero  of 
(empeiature,  the  area  DB^B^F  represents  the  heat  given  to  raise  the 
fad  water  firom  0,  to  0^;  FB^P^Ey  the  heat  to  produce  the  x^  lb.  of 
steam,  EP^^G  is  the  heat  taken /rowi  the  stuff  if  it  were  kept  in  a 
vessel  of  constant  volume  and  cooled  to  ^3 ;  this  we  have  taken  to 
eotrespond  with  the  real  release ;  GP^^D  is  the  heat  taken  from  the 
stuff  in  the  supposed  compression  of  the  remaining  steam  at  ^3''  C. 
till  it  is  all  condensed.  Hence  the  work  done  per  pound  of  steam  in 
« perfect  engine  would  be  represented  by  the  area  B^B^P^P^P^B^ 


NVQ 


Fio.  227. 


^  the  heat  expended  DB^B^P^ED,  the  nitio  between  these  being 
the  efliciency. 

The  area  of  P^PP^IP^  represents  the  loss  of  work  because  the 
•Jj^hatic  expansion  has  not  continued  to  the  temperature  6^, 

If  the  student's  prepared  sheet  of  jxiper  is  provided  with  lines 
rf  constant  volume,  of  course  the  drawing  of  the  line  PJ^P^  gives 
•o  trouble. 

914.  Exercise  II.  A  perfect  steam  engine  uses  steam 
■Oder  the  following  conditions,  find  in  each  ca.se : — 

W  the  work  (in  heat  units)  done  i)er  pound  of  steam  and  %o  the 
lumber  of  pounds  of  steam  used  per  hour  per  horse-power. 
h  the  heat  given  per  lb.  of  steam,     c  =  W!h  the  efficiency. 
1.  Feed  water  at  100°  F.  is  heatcnl  to  829°  F.  and  converted  into 
Mm;  it  is   expanded  adiabatically  to    100°    F.  and   released   at 
»•  F.  W=B^,C^MB,,  Fig.  227  ;  h  =  DB^B^C^ND\ 
Answer.  W  =  293,  A  =  HU,  t  =  0-262. 
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2.  During  expansion  the  stuff  receives  just  so  much  heat  » 
keeps  it  in  the  condition  of  dry  saturated  steam.  W=B^fifi^ 
h  =  DB^^G^C^QD. 

Anm^er.    H^  =  331,  A  =  1379,  e  =  0240. 

3.  The  stuff  is  superheated  to  41 0""  F.  and  expands  adiabatidlj 
to  100"*  F.  Notice  that  the  steam  is  wet  towards  the  end  of  tbe 
expansion  TV  =  B^B^GfiH  WB^,  h  =  DB^B^C^GH  W  VD. 

Aimver.   W  =  312,  h  =  1172,  e  =  -266. 

4.  The  stuff  is  superheated  to  410"*  F.,  expands  adiabatically  d 
it  is  just  saturated  at  H\  receives  sufficient  heat  during  the  remainder 
of  its  expansion  to  100°  F.  to  keep  it  in  the  dry  saturated  condition 
W  =  B^B^G^GHC^B^,  h  =  DB^B^CfiHC^QD. 

Anmvcr,   W  =  336,  h  =  1382.  e  =  '242. 

5.  To  compare  the  above  with  a  Camot  cycle.  In  the  Canwt 
cycle  all  the  heat  is  given  at  329°  F.,  and  the  heat  is  taken  out  it 
100°  F.  ^  =  B^C^MB,  h  =  B^C^NF,  Wjh  =  {1^-1^)11^  or  W ^% 
h  =  882,  e  =  0-29.     The  results  are  here  tabulated :— 


W.  Work  por  pound     Eneiinr  expended   I 
of  steam  in  Fah.  in  innh.  heat  e.  eficieDef. 

heat  units.  units. 


293 

1114 

'  0-36^ 

331 

1379 

0-3<(i 

312 

1172 

0-266 

336 

1382 

0-242 

256 

882 

0"29U 

_    _  _  - 

Ist  case,  ordinary 

2nd     ,,    with  jacket 

3rd     ,,    super- heating 

4th     ,,    super-heating  and  jacket 
5th     ,,    Carnot  cycle 


Notice  that  although  in  all  the  other  ciises  there  is  more  wort 
done  per  pound  of  steam,  none  of  them  is  so  efficient  as  the  Carw< 
cycle.  Cases  (1)  and  (3)  are  said  to  be  "standard  or  perfect  st^ 
engines  following  the  Rankine  cycle."  ^ 

1  Lord  Rayleigh,  in  an  article  in  Nature  (February  18th,  1892),  after  pointing «* 
that  only  a  small  amount  of  the  heat  received  by  the  stuff  in  the  formation  of  «?*' 
heated  steam,  is  received  at  the  highest  temperature  [a  fact  known  to  every «*•■* 
uses  the  t<p  diagram],  made  the  further  very  important  statement : — 

**If  we  wish  effectively  to  raise  the  superior  limit  of  temperature  in  artjn* 
engine,  we  must  make  the  boiler  hotter.     In  a  steam  engine  this  means  pressor*"^! ~~ 
would  soon  become  excessive.     The  only  escape  lies  in  the  substitution  for  nf'f* 
another  and  less  volatile  fluid.     But,  of  liquids  capable  of  distillation  without  dirt^i 
**  *n  not  eaiy  to  find  one  suitable  for  the  purpose.     There  is,  however,  ia*f " 

li  m  may  look.     The  volatility  of  water  may  be  restrained  ^^; 
fetam,  such  as  chloride  of  calcium  or  acetate  of  mIl    ■] 
••vatare  may  be  raised  without  encouutering  ew*" 
affidency,  according  to  Camot,  may  be  increain. 
ntif  this  method  woold  involve  the  condensatiflo  " 


^  V 
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916.  The  following  exercises  are  just  like  the  above,  but  they 
B  worked  algdnraically. 

It  is  a  good  test  of  a  student  to  find  out  to  what  extent  he  mis- 
jyprehends  the  value  of  such  calculations  as  these. 

R  Cask. — Rankikb  Ctclk.     Drt  Steam.    Perfect  Steam  Exgixe  (Adiabatic 

Expansion). 

Knowing  the  shape  of  the  curve  B^Bi,  Fig.  227,  it  is  easy  to  calculate  the  area 
<rf  the  figure  B^BjCiM,    But  I  prefer  to  take  the  matter  up  from  first  principles. 

It  is  proved  in  thermodynamics  that  if  in  a  heat  engine  the  working  stuff 
nodves  heat  H  at  the  absolute  temperature  t  and  if  ^^  is  the  temperature  of 
the  refrigerator,  then  the  work  done  by  a  perfect  heat  engine  would  be 


•^-"{'-n 


(D 


If  one  pound  of  water  at  t^  is  heated  to  ti,  and  we  assume  that  the  heat 
nceived  per  degree  is  constant,  what  is  the  work  which  a  perfect  heat  engine 
voold  give  out  in  equivalence  for  the  total  heat  ?  Let  all  energy  be  expressed 
in  heat  units. 

To  raise  the  temperature  from  t  tot  +8^  the  heat  given  is  S/,  and  this 
^Uoda  for  ff  in  the  above  expression.  Hence  for  this  heat  a  i>erfect  engine 
^ooM  give  the  work 

«{■-?) 

ud  the  integral  of  this  from  /,  to  f i  is 

'i-'.-'.log.'-> (2) 

If  DOW  a  pound  of  water  at  (i  receives  the  heat  /,  (the  latent  heat),  and  is 
^ooQverted  into  steam  at  the  constant  temperature  /j,  the  work  that  is  themio- 

djnamically  equivalent  to  this  is  /j  [  1  -  ^  )•     We  see  then  that  the  work  which 

*  perfect  steam  engine  would  give  out  as  et^uivalent  to  the  heat  received  per 
poud  of  steam  is 


/.-/.-/siog.;-;+/.(i-;^) 


(3) 


It  will  be  found  more  correct  to  take  A,  -  A,  instead  of  t^  -  /,  at  the  beginning. 
This  may  be  calculated  cither  on  the  Centigrade  or  the  Fahrenheit  scrale, 
tad  converted  into  foot-pounds.  A  horsepower  hour  is  33,000  x  60  foot-pounds; 
so  dividing  our  work  into  this  we  find  the  num1>er  of  pounds  of  steam  ir  which  a 
perfect  steam  engine  wouhi  consume  per  horse-power  hour  when  working  l>et  ween 
the  temperatures  ti  and  ty 


■■  at  a  high  temperature  by  reunion  with  the  desiccating  agent,  and  the  com- 
■iealion  of  the  heat  evolveil  to  pure  water  l>oi1ing  at  nearly  the  same  teiiipfrature, 
tat  a  nuch  hif^r  presHure.  But  it  is  possible  that,  even  without  a  duphcation 
tka  kind,  advantage  might  arise  from  the  use  of  a  restraining  agent.  The  ^team, 
■fiwatad  in  a  regular  manner,  wouhl  \ie  less  liable  to  premature  condensation  in 
t  cylinder,  and  the  possibility  of  obtaining  a  good  vacuum  at  a  higher  temperature 
a  vminl  might  be  of  service  wliere  the  supply  of  water  is  short,  or  where  it  is^ 
Imd  to  afleet  the  condensation  by  air.*" 
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The  numbers  of  columns  10  and  11  of  Table  11.,  Art.  180,  have  bee 
lated  in  this  way.  I  assume  that  in  a  perfect  non-condensing  engine  th 
temperature  is  212'  F.,  and  in  a  condensing  engine  100"  F. 

Mr.  WilUna  used  the  above  as  lila  ataadard  of  eomipariaoB  when 
lished  his  non-eond«nalns  triala  in  1888 ;  but  when  he  came  to  pul 
eondonainir  triala  in  1803  he  saw  that  as  the  perfect  engine  presui 
pansion  to  very  large  volumes  indeed,  no  actual  engine  could  approai 
efficiency.     He  therefore  adopted  arbitrarily  as  the  standard  oondensin 

engine,  one  in  which  I 
F.,   but    adiabatic   ei 
ceases   and  the  stean 
leased   at   a   tempera 
170"  F.     The  student 
done  the  Exercise,  A 
will     see     that     this 
the    deduction     of    tl 
JfP,P„  Fig.   228,   fr 
whole    work    per    po 
steam  if  Ci^i^,.    He  < 
work  graphically  a  fe 
cises     making    this 
assumption,  so  as  to  ( 
idea  of  its  effect  in 
our  standard.     In  any  case,  the  standard  or  perfect  condensing  engine  i 
an  arbitrary  standard.     As  I  have  already  said,  I  prefer  to  take  fj  as 
and  to  imagine  complete  expansion  down  to  that  temperature.     Any  i 
of  this  kind  is  of  a  temporary  character,  and  will  be  given  up  when  it  c 
be  commercially  profitable  to  use  it.     Th«  only  aciontiflc  aaothod  of 
eflleiene J  is  energy  usefully  given  out  by  the  engine  -r  total  energy  of  t 
In  pages  257-8  I  give  results  actually  obtained  from  steam  engines, 
each  case  I  have  written  beside  the  actual  w  the  to  for  a  perfect  steam  ei 
ExERCiSE   1.      In    condensing   engines  test  the  amount  of  error 

approximate  formula 

IF  =  155  +  131  p4 

W  =  U-\-  -872  a. 

Where  9"  F.  is  the  temperature  of  the  steam,  p  the  pressure  in  pounds  pe 
inch,  W  the  work  done  (converted  into  Fahrenheit  units  of  heat)  per  p 
steam  in  a  perfect  steam  engine  expanding  adiabatically. 

Exercise  2.  Mr.  Willans  was  of  opinion  that  the  standard  or 
condensing  engine  ought  only  to  be  expected  to  expand  its  steam  adial 
to  170"  F.  and  release  at  110"  F.  By  thus  cutting  off  the  **  toe  of  the  di 
show  that,  instead  of  getting  the  work  W  we  get  the  work  FT,  per  f 
steam. 


Fig.  228. 


Pi 


t,'¥. 


W. 


W,. 


" 

_  -  . 

25()6 

401 

335-6 

300 

2U3-5 

383 

322-4 

286 

146  () 

356 

.301-4 

264 

102-0   ' 

329 

278-4 

240 

.52-6   1 

284 

236-0 

197 

33-7 

257 

207-6 

168 
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2sD  Cask. — Expansion  as  Dry  Saturated  Steam.    Steam  Jacketing. 


for  JadLotinir  is  to  prevent  condensation  and  leakage,  and 

exercises  are  a  good  deal  misleading ;  nevertheless  it  is  well  to  do  them, 
and  they  are  not  much  more  misleading  than  many  other  exercises. 

A  perfect  steam  engine  has  its  limiting  temperatures  Z,  and  /,  (absolute). 
II  there  is  jnst  enough  jacketing  td  keep  the  steam  dry  in  its  expansion,  find 
the  work  done  per  pound  of  steam  and  the  other  numbers  of  the  following  table. 
The  numbers  in  the  second  and  third  columns  of  the  following  table  are  in 
Fihrenheit  heat  units. 

Evidoitly  the  heat  required  per  pound  of  steam,  in  addition  to  what  is 
wanted  for  Case  I,  is  represented  by  the  area  XC^C^QX  of  Fig.  227,  and  the 
extra  work  is  represented  by  the  area  of  CiC^M. 

The  ordinate  of  the  curve  CiC^  is  t  and  its  abscissa  p,  or,  using  Centigrade 
tonperature, 

t  I 

^^«-  273-7  "■  T 

where /  =  6065  -  •695tf  or  797  -  'Q9ot 

1  ^  '97      ^^. 

^-  =  log.  2737  +  -^    -  -690. 

is  the  integral  of  Ld^  or  t-^  ,dt 


The 


di 


1 

t 


797 


•0  that  the  area  representing  the  extra  heat  given  is 

The  extra  work  done  is  the  integral  of  {(  -  t2)d<f>  and  is 

(/,  +  797)  log.  ^-  -  ( 1  -  |- )  (fi  +  797) 
^*hen  Fahrenheit  absolute  temperatures  are  taken,  instead  of  797  we  have  1,434. 


Extra  heat  Total  work  ddiic  Pounds  of  nteani  PoundR  of  steam 

•\ipplied  to  keep  per  lb.  of  Htouin,  needed  iter  yter  lK>nH;-}K>wer 

1  lb.  of  Hteain  inchidiiiK  jacket  horne-power  hour  if  exfiaiiidon 

dry.                        Hteuin.  hour.  is  udiabatic. 


s|^ 

250-3 

164-9 

lih 

203*3 

iriO-4 

P2<Si 

145-8 

131-4 

Bt»e- 

101-9 

106-7 

52-5 

71-5 

250-3  ' 

319-3 

•5  s^» 

2  99i« 

203-3 

30")  8 

I-- 

145-8 

286  3 

ISS 

101-9 

2641 

l\ 

52-5 

2271 

189-4 

13-4 

12-3 

1730          ' 

147 

13-4 

1.13  8 

16-5 

15-3 

132-2 

19-2 

181 

88-48 

28-7 

27-6 

•291  7 

8-70 

7-3 

-283-8 

9-01 

7-6 

270-2 

9-40 

8-1 

2^9 

9-96 

8-7 

•221  6 

11-45 

101 

B    B 
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3rd  Case.— a  large  amount  of  Superheating. 

In  the  following  exercise  the  superheating  is  supposed  to  be  so  high 
the  steam  is  just  not  wet  at  the  end  of  the  expansion  ;  the  student  is  cxp 
to  work  out  all  the  numbers.  In  these  exercises,  if  the  lower  temperature 
and  after  the  steam  has  been  produced  at  t^  if  it  is  superheated  at  con 
pressure  to  such  a  temperature  that  it  will  be  just  saturated  after  adia 
expansion  to  t^^  then  the  perfect  steam  engine  will,  per  pound  of  steam,  do 
in  heat  units  (Fahrenheit). 


where  x  = 


=  0-305  (<i  -  <,)  +  Kt^{t'"'  1) 

1434  (]- -  -'\  log.  -*  and  K  =  048 


-  1)  -  /^ 


the  maximum  superheating  temperature  being  V  =  i^t'  .  The  specific  h* 
superheated  steam  has  been  taken  to  be  0*48 ;  the  engine  is  non-condei 
that  is,  /,  =  673  or  212^  F. 


Vv 

Amount  of 
superheating 
(Fahrenheit). 

Work  in 
Fahrenheit 
thermal  units 
per  pound.        1 
W 

Pouuda  of 

steam  per 

horse-power 

hour. 

tr 

Pounds  of  st«i 
per  horse-pow 
hour  if  not 
superheated. 

ir 

52-5 

i8r 

109            ! 

23-3 

27-6 

101-9 

298" 

179            i 

14-2 

18-1 

145-8 

376** 

224 

11-4 

15-3 

203-3 

447** 

267 

9-5 

13-4 

250-3 

500' 

298 

8-64 

12-3 

My  students  have  found  that  the  following  fomiul%  give  values  of  fTi* 
differ  leHs  than  one  \v6X  cent,  from  the  calculated  values  : 

W  —  1*6488  -  178  for  non- condensing,  and 
W  =  2'88  -  360  for  condensing  engines. 

1116.  Exercise  1.  The  following  pressures  and  volumes  be 
measured  on  the  expansion  curve  of  an  indicator  diagram,  />  =  ' 
r  =  1 ;  2>  =  40,  f  =  4.  If  the  expansion  curve  is  adiabatic,  1 
much  water  is  present  with  the  steam  ? 

Answer.  Water  per  pound  of  stuff  at  the  beginning  0*896,  ant 
the  end  0888.     Or  water  to  steam  8*6  : 1  and  52  : 1. 

KxKKcisK  2.  At  Q  (Fig.  82)  presuiimbly  the  end  of  admission,  the  ro 
if*  14  ciihic  feet,  preKsure  51*9  lbs.  pt*r  Mjuare  inch  (or  283^-2  F.),  m,  =  8 
Intent  heat  (Fahrenheit)  =  914*5),  an<l  tliUH  the  indicateil  steam  is  •  s  0-17 
At  /'  the  volume  Ik  4 '323  cubic  feet,  jiressure  21-69,  and  the  steam  pn 
weighs  O'iaT)  lb. 

Asanine  that  the  metal  of  the  cylinder  is  non-eonduettniT,  that  we 
:  lb.  of  ufifer  prcnent  l>efore  atlnuHsion,  that  t  lb.  is  the  indicated  steam  i 
that  the  entering  steam  which  has  condensed  is  yi ;  neglect  the  ateam 
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the  end  of  the  cushioning ;  assume  that  all  the  water  stuff  present  is  everywhere 
of  tbe  same  temperature  at  any  instant,  and  therefore  that  tiie  expansion  is 
adiibitic,  it  is  eWdent  that  we  have  the  means  of  calculating  y  and  z. 

Note  the  nature  of  this  assumption.     As  the  metal  always  does  take  heat, 
Uiii  actioo  will  be  represented  by  there  being  a  little  more  water  present.     If 


G'      JS3^£r. 


r    ^rr. 


Fio.  220. 


^  netal  really  does  give  heat,  because  of  a  steam  jacket,  tliis  action  will  be 
i^Bpi^wnted  by  there  being  a  little  less  M-ater  present. 

In  Chap.  XXIV  we  shall  see  tliat  it  is  only  for  certain  calculations  that  such 
*i>MRuoption  is  legitimate.  The  latent  heat  lyi  of  y\  lb.  of  steam  heats  z  lb. 
^  ^iter  from  the  back  pressure  temperature  (p,  =  3*4  or  t^  =  146' '3  F.  say)  to 
2W,  10  that 


914-5y  X  0173  =  137z,  or  y  =  0*866= 


.    (1) 


Let  the  whole  water  stuff  present    173  +  :  -»-    173^  =  n\ 

Again,  if  the  adiabatic  expansion  represented  by  G  EQ  F on  the  indicator 

'^^•gnin  is  represente<l  by  G'F  on  the  t<p  diagram, '   ',  =  -- 


Hence 


Xow 


fF"  _    ^r  ,j<r     fr  _  -235 

JF  "  •23;V  ^"^  "**^  i/O"  •  ;T'  "  -173 


gCr'  _  ,jO"        173 
fF       fF'  '    -Ja") 


=  _J^*^"'  ^^^'  »l.-*;f  ,   =  l.221>;  fF'  =  ^  =  1  374 


absolute  temp.  744  2 


693 


*'/ 


•173       l->29_ 
J'F       "23,-,  ""  1*374"   ^'^• 


We  have  now  only  to  find  the  two  (Hunts  G'  ami  F  m)  that  they  shall  l)e  in 
^ lame  vertical  and  the  distanccH  in  this  ratio.  1  have  found  them  by  trial 
•*lget 


if< 


r 


'  ■   .  =  H-72  =    ,^;i .     Heme  w  =  Xn^m. 
tfG  -173 

Or,  without  actual  trial  on  a  diagram  ;— By  the  table,  Art.  IHU,  g'fjior  2X3" -2  F.  is 
■415,  yy  for  232*  F.  is  342. 
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Let  g'O'  ss  fF  »  x,  then 

X  -  -415 


=  *6e0,  whence  x  =  '556 


X  -  -342 

gO'  =  -556  -  -415  =    141  or  gO"=  1-229. 

So  that  there  is  7 '71  times  as  much  water  present  as  steam  at  the  point  o 

off.  In  fact 

1*229 

X  173  =  1-508  =  173  +  s  +  my  =  173  +  2  +  173  x  8662, 


w 


141 


Whence  z  =  116,  y  =  1005  or  yi  =    174. 

That  is,  the  whole  w  =  1*508  is  made  up  of  (at  cut  off)  indicated  0*173, 
densed  0*174,  water  already  there  1*16.     A  T«rj  atrilLlnir  aort  of  r«snlt. 
817.  Exercise.  Given  rj,  the  volume  in  cubic  feet  of  steam  at  the  ei 

admission,  the  indicated  steam  is  i^  =  —  lb.     Suppose  x  lb.  (we  called  it 

the  last  exercise)  to  have  condensed  during  admission,  its  latent  heat  /]: 
been  given  to  z  lb.  already  in  the  cylinder  to  heat  it  from  /^  to  fj,  so  that 

2(<i  -  ^«)  = /i* (1) 

Let  jDg  and  v,  be  the  pressure  and  volume  at  any  other  part  of  the  expai 
curve,  i,  being  the  weight  of  indicated  steam  there  ;  if  we  assume  that  the  1 
of  the  cylinder  is  perfectly  non-conducting,  we  can  calculate  x  ami  :. 

Let  the  entropy  of  1  lb.  of  water  be  ^,  and  let  tj  +  a;  +  s  =  tr. 
Then 


w      gO"       .  ^ 
r  =  -77,  and  -7 


/F' 


h       9O' 

and  we  find  that  letting  a  be  l/l 

Oni.  -  ait, 
w  =  "^ ^  *  =  tj  +  a:  +  2 

(1)  and  (2)  are  equations  connecting  x  and  z  ;  we  find  the  unknowns  to  be 


(2) 


and 


'■(t"-r-")*{'*i('-;o} 


Let  us  take  the  following  examples. 
In  every  case  p,  =  101*9,  $1  =  165'  C.,p^  =  52*52,  0,  =  140'  C. 

Also  let  the  indicate<l  quantity  of  steam  be  such  tliat  t*,  =  1  cubic  foot 
as  M,  =  4-302,  I'l  =  -232).  I  tind  that  if  we  let  i-j  =  2r,(l  -  fi)  the  woi 
simplified.  I  get  the  following  results  when  expansion  is  according  to  the 
pr*  constant. 


k. 


0-8 
0*9 
1(» 
11 
1-2 
1*3 


ar. 


IT. 


1  0760 

•2195 

1*5275 

0-6.391 

1303 

10014 

0-3225 

•0658 

•6203 

00792 

•0162 

•3274 

01 124 

-•0229 

0-2696 

-0550 

For  values  of  k  greater  than  1*130,  as,  indeed,  we  know  by  the  taUe, 
211,  we  see  that  there  can  be  no  adiabatic  for  steam  of  the  shape  jir*  ooofti 
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Exercise. 

Mr.  WillanB  took  p^l^  =  a  constant,  as  the  law  of  adiabatic  expansion.  If 
any  snch  law  as  pr*  constant,  holds  between  two  points  in  an  adiabatic  expan- 
sion curve,  Pi  and  p^  find  how  much  water  must  have  been  present  at  the  be- 
ginning of  the  expansion,  and  how  much  at  p,. 

Anewtr,  Take  v  to  be  the  volume  of  the  steam  only,  neglecting  the  volume 
of  the  water.  Then  v^  =  UiX^  if  there  are  Xi  lb.  of  steam  in  1  lb.  of  the  stuff 
and  r,  =  ii,x:^  If  ^  is  the  entropy  of  1  lb.  of  water  at  $1°  F.,  the  entropy  of  the 
stuff  we  deal  with  is 


also  PiV^*  =  p^v^ 


(1) 
(2) 


And  Ml  and  u,  are  known  as  Pi  and  p,  are  known,  so  that  (1)  and  (2)  enable  the 
two  unknowns  r,  and  r,  to  be  calculated.     Thus  from  (2)  we  have 

and  hence  from  (1),  since  —  =Xi 


Similarly, 


-'— -{?.(S)M-;} 


Thus  taking  the  Willans  pt^f^  constant  as  an  adiabatic .  p^  =  100,  pj  =  50, 
then  it  is  found  that  Xi  =  1*22,  and  x^  --  I'lo.  That  is,  it  is  impossible  for  pv^^ 
to  be  an  adiabatic  for  saturated  steam,  since  x^  and  x^  are  greater  than  unity. 
Again  no  such  law  for 
the  adiabatic  can  hold 
in  superheated  steam. 
Taking  the  ratio  of  the 
specific  heate  to  be  1*3 
(the  usual  assumption) 
pr^-^  constant,  is  the 
adiabatic.  The  Uble 
Art.  211,  confirms  this 
coodusion  concerning 
tlie  Willans'  assump- 
tioo. 

318.    Flow    of 
latnimted     Steam. 

[n  Art.  387  it  is 
^bown  that  if  steam  at  rest  at  0^,  whoso  state  is  x^  lb.  of  steam  to 
1  — JCj  lb.  of  water,  flows  afliabatically  to  a  ])lace  where  the  tempera- 
ure  is  0^  and  the  state  is  ./^  and  the  velocity  V  feet  per  second, 
LDd  if  we  neglect  gravity,  we  can  find  V  and  x^  by  the  0^  diagram. 

Let  AD  and  /?/r  correspond  to  the  two  temperatures. 

Make  BCjBD  =  x^.     Draw  the  adiabatic  CG, 

Then  FOjFH  =  x^.    One  of  our  answers. 


Yui.  230. 
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Convert  the  area  BGOF  into  foot-pounds,  multiply  by  64 
extract  the  square  root  and  we  find  V. 

Exercise.  Steam  with  10  per  cent,  of  moisture,  at  100  1 
square  inch,  escapes  adiabatically  to  a  place  where  the  pres 
16  lbs.  per  square  inch,  find  the  wetness  and  the  velocity. 

Answer.  21*5  per  cent,  wet;   F=  2,430  feet  per  second, 
be  seen  in  Art.  391  that  this  answer  is  misleading. 

How  much  of  this  steam  (pounds  per  second)  will  pass  t 


Fio.  231. 


an  orifice  if  the  cross  section  of  the  jet  where  the  stream  line 
are  nearly  parallel  just  outside  the  orifice  is  1  square  inch  ? 

219.  Flow  of  Superheated  Steam.  In  Art.  387  it  is 
that  if  superheated  steam  at  rest  at  6^  C.  and  pressure  p 
adiabatically  to  a  place  where  the  temperature  is  6^  C,  and 
may  neglect  gravity,  we  can  find  the  velocity  ^and  the  s 
the  steam.  Let  E,  Fig.  281  show  the  state  of  1  lb. 
superheated  steam  at  0^°  C.  and  pressure  p.  Draw  the  ad 
ERG,  the  lower  temperature  being  at  EU.  Then  FG\FH  = 
dryness  at  the  lower  temperature. 

Convert  the  area  BDERGFB  into  foot-pounds,  multiply  1 
and  extract  the  square  root,  this  gives  V.  If  the  stuff  r 
superheated  at  the  lower  temperature  as  E}G^,  we  treat  tl 
BDEG^H^F^B  in  the  same  wav. 


CHAPTER  XXIV. 

CYUNDER  CONDENSATION. 

220.  Watt's  great  improvement  of  the  Newcomen  engine  con- 
sisted in  keeping  the  cylinder  warm ;  not  condensing  the  steam 
in  the  cylinder  itself,  but  using  a  separate  condenser.  Even  now, 
bowever,  a  cylinder  is  heated  up  by  the  condensation  of  the  enter- 
ing steam,  and  the  condensed  water  boils  away  during  the  exhaust 
A  cylinder  is  alternately  a  condenser  and  a  boiler.  If  we  could  make 
its  material  absolutely  non-conducting  and  keep  it  perfectly  drained 
rf  water,  we  should  get  rid  of  this  prejudicial  action.  Unfortunately, 
*n  amount  of  water,  which  forms  only  an  exceedingly  thin  skin, 
mav  have  sufficient  capacity  to  produce  great  evil  effects,  and  non- 
^OQdneti'Tlty  of  metal  would  then  be  an  evil  (see  Art.  399). 
"  is  my  belief,  based  on  a  good  deal  of  practical  knowledge  of  con- 
dactirity  of  heat,  that  if  the  metal  of  a  cylinder  were  quite  dry, 
^kn  fresh  steam  is  admitted,  the  surface  resistance  to  the  pas- 
^  of  heat  would  be  so  great  that  almost  no  evil  effects  would 
he  produced  at  the  speeds  usual  in  steam  engines. 

Probably,  what  would  diminish  it  more  than  anything  else  would 
^  the  admixture  with  the  steam  of  a  small  quantity  of  air  (easily 
^lone  on  locomotives  at  the  ordinar}'  injector)  or  an  injection  of 
ftttning  gas,  or  some  vapour  less  readily  condensed  than  steam,  or 
the  use  of  the  same  cylinder  as  a  steam  and  a  gas  engine  in 
^ternate  strokes. 

I  am  informed  that  some  careful  exj)eriments  made  in  America 
^Itowed  no  great  increase  of  economy  due  to  the  admission  of  air. 
*  have  been  too  busy  to  study  the  method  of  experimenting  em- 
ployed, and  my  attitude  towartls  other  i)eople's  experiments  is  that 
^Mre.  Bormalack  tm  soup. 

It  was  Mr.  Clark  who  first  drew  attention  to  the  missing  water 
^cylinders,  and  the  evil  effects  of  too  early  a  cut-off,  but  he  states 
^fc»t  the  common  engine-drivers  were  j)erfectly  well  aware  of  the 
pbesomenon  before  he  knew  it.  Mr.  Isherwood  showed  that  the 
Quauog  water  increased  in  proportion  to  the  square  root  of  r. 
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331.  Every  test  yet  made  of  the  elBM:t  <if  gnpcrhMtlm  Aow 
that  it  leads  to  greatly  increased  economy.  From  12  to  20  per 
cent,  increase  is  not  uncommon  when  the  superheating  has  (dij 
been  about  40  to  100  degrees  Fahrenheit. 

A  compound  Corliss  gear  mill  engine,  with  steam  jacketed 
cylinder,  gave  on  careful  trials  the  following  results: — 


r 

/. 
Indicatwl 

,  IKofrteun 

w 
1 

Using  nturated  steam  at  96  Ibe.  per  wq.  in  . 

475 
491 

9380 
7675 
7835 

19-75 

1  Using  saperfaeated  steam  at  99  Ibe.  per  sq.  in. 
superheated  118*"  Fahrenheit 

15-63 
15-61 

Using  superheated  steam  at  M  Ibe.  per  sq.  in. 
saperiieated  127"*  Fahrenheit 

Quite  recently  in  the  Schmidt  compound  condensing  engine,  of 
75  indicated  horse-power,  only  10^  lbs.  of  steam  was  used  per  hour 
per  indicated  horse-power.  The  steam  was  of  170  lbs.  pressure,  and 
was  superheated  300''  Fahrenheit.  An  engine  must  be  speciallv 
arranged  for  the  use  of  such  high  temperature  steam. 

When  condensation  is  exceptionally  bad,  the  increase  of  economy 
due  to  the  use  of  superheating  is  exceptionally  marked.  Mr.  Ripper 
in  his  tests  of  a  small  non-condensing  one-expansion  Schmidt  engine 
(Proc.  Inst.  C.E.,  Vol.  128,  of  lS{r^\  Vound  a  consumption  of  38  lbs.. 
of  steam  per  horse-power  hour,  redueeil  to  17  by  300  degrees  of 
superheating.  The  extra  heat  required  is  inconsiderable  when  ve 
compare  it  with  the  advantage  derived  from  superheating.  It  is  to 
be  remembered  that  on  account  of  the  small  s|Kx^ific  heat  of  steam. 
even  a  lar^e  amount  of  su|>erheat  only  sutKces  to  just  prevent  con- 
densation in  the  evliniler.  The  evil  action  r»n  the  lubricant  is  not ;» 
great  as  it  might  s«*t-m  to  be. 

222.  The  effect  of  a  steam  Jacket  is  to  cause  a  flow  of  heat 
into  the  cvlinder  which  continuallv  tends  to  diminish  the  amoimt  of 
water  j)resent,  Tiot  only  in  the  cylinder  but  about  the  valves.  In 
ever}'  case  wht:*n  an  engine  is  tried  without  and  with  the  jacket  it  is 
found  that  a  small  expenditure  of  steam  in  the  jacket  causes  a  gwat 
diminution  of  the  uii.<sing  water.  In  the  Report  of  the  Committee 
of  the  Institution  of  Mechanical  Engineers,  although  the  jacket  feec 
was  usually  from  7  to  12  per  cent,  of  the  whole  of  the  steam  usedb; 
the  engine,  yet,  on  the  whole,  there  was  9  to  25  per  cent,  diminatio 
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?ain  per  horse-power  hour.  The  increased  economy  is  most  notice- 
in  engines  which  are  verj'  uneconomical  without  the  jacket. 
*rofessor  O.  Reynolds  found  in  his  engine,  using  three  expan- 
;,  that  without  jackets,  the  missing  water  in  his  intermediate 
low  pressure  cylinders  was  J  of  the  indicated  water,  whereas, 
1  they,  as  well  as  the  high  pressure  cylinder,  were  jacketed  with 
iill  boiler  pressure,  the  initial  condensation  in  the  intermediate 
ider  was  only  about  20  per  cent,  of  the  indicated  steam,  and 
e  was,  practically,  no  condensation  in  the  low  pressure  cylinder, 
rhe  following  experimental  Results  must  also  be  studied  : — 

EiTECTS  OF  Jackets  ly  Cokdexsinc;  Engines. 
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onmbers  for  coal  were  not  meanureii  ;  tliey  are  calculateil  at  the  rate  of 
of  slMun  per  pouiul  of  coal. 


^ 
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The  good  effect  produced  by  a  jacket  gives  proof  that — in  spte 
of  what  is  almost  universally  stated  by  men  who  have  studied  this 
subject — a  cylinder,  even  when  there  is  considerable  superheating 
of  the  steam  before  it  enters,  is  not'free  from  water  when  admission 
occurs.  It  is  my  opinion  that  jacketing  ought  to  be  done  by  steam 
of  a  very  much  higher  temperature  than  that  of  the  steam  which 
enters  the  cylinder. 

223.  The  good  effect!  due  to  drainage,  or  easy  escape  of 
^  water,  are  not  sufficiently  thought  about.  In  my  opinion  it  is  to 
^  this  easy  drainage  that  the  Willans*  engine  owes  its  superiority. 

If  a  pound  of  steam  entering  at  0^^  C.  drains  away  at  the  exhaust 
temperature  dj**  C,  it  has  given  to  the  cylinder  the  heat 

606-5  +  -305  e^  -  ^3 

If  a  pound  of  steam  entering  at  O^""  C.  condenses,  and  if  it 

evaporates  and  leaves  the  cylinder  as  steam  at  0^  C,  it  has  given  to 

the  cylinder  the  heat 

•305  {0,  -  ^3) 

For  example,  let  0^  «=  165°  C,  0^  =  60^  in  the  first  case,  the 
heat  is  597  units ;  in  the  second  case,  it  is  33  units. 

We  see  by  this  crude  calculation  that  in  a  condensing  engine, 
water  that  drains  away  mechanically  gives  about  20  times  as  much 
heat  to  the  cylinder  as  if  it  were  condensed  on  admission  and 
re-evaporated  in  exhaust. 

I  am  oven  disposed  to  believe  that  steam  used  in  a  steam  jacket 

is  not  much  more  efficient  than,  even  if  it  is  so  efficient  as,  steam 

allowed  to  condense  and  drain  away  from  a  well-lagged  cylinder. 

,    224.  In  a  steam  engine  cylinder  there  is  a  condition  of  things 

A^hich  may  almost  be  called  instability. 

V  O         It  may  almost  be  seen  from  the  above  figures  how  enormous 

0    condensation  and  evaporation  may  go  on,  doing  great  evil,  for  the 

purpose  t)f  su])i)lying  an  amount  of  heat  which  a  twentieth  or  » 

thirtieth  of  the  amount  of  condensation  would  supply  if  there  was 

ilrainage  or  a  steam-jacket.     I  have  heard  of  an  agent  who  bought 

a  hundred  thousand  pounds'  worth  of  utterly  imnecessary  supplies 

for  an  army,  which  he  knew  would  be  wasted,  because  he  had  ft 

per(|uisite  of  5  per  cent. :  I  have  known  of  an  admiral  wasting  eight 

days*  eoul  of  a  tiwt  to  jirevent  a  two  days' delay  in  the  reception  of 

a  few  private  letters.     Charles  Ltunb  tells  us  how  the  first  discoverer 

of  the  gastrononiical  value  of  roiist  pork  burnt  down  a  house  evert 

time  he  wanted  a  roast.     These  are  not  unfair  illustrations  of  the 

economical  conditions   under   which    the   cylinder  of  an  ordinary 

engine  is  kept  fairly  dry. 
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S115.  Benefit  of  SucceMive  Expansion.  We  find  that  the 
«rcentage  of  the  total  steam  condensed  increases  if  we  cut  off 
ariier  in  the  stroke ;  possibly  it  is  not  that  there  is  more  steam 
ctnally  condensed  per  stroke,  but  that  it  is  in  a  greater  ratio  to 
hat  is  indicated.  Now  it  is  evident  from  Art.  214  and  elsewhere 
bat  we  get  more  economy  by  using  high  pressure  steam  and  great 
xpansion,  and  as  great  expansion  in  one  cylinder  leads  to  great 
ondensation,  we  use  two  or  three  cylinders.  Fig.  65.  To  cut  off  at 
th  of  the  stroke  in  a  single  cylinder  is  not  very  different  fix)m 
Qtting  off  at  half  stroke  in  three  successive  cylinders.     It  makes 

more  complicated  looking  engine,  but  there  are  these  great 
id\'antages : — 

1.  We  are  able  to  use  a  very  simple  kind  of  valve  gear. 

2.  The  loss  by  clearance  is  small. 

3.  There  is  a  possibility  of  balancing  the  forces  acting  on  the 
iwne  of  the  engine  and  ground ;  a  possibility  of  obtaining  more 
utiform  turning  moment  on  the  crank  shaft. 

4.  The  range  of  temperature  in  each  cylinder  is  only  a  third  of 
rittt  it  is  in  a  single  cylinder.  It  is  found  that  steam  condensed  in 
fce  high  pressure  cylinder  is  more  or  less  completely  evaporated 
^&Nre  admission  to  the  second. 

5.  The  intermediate  and  low  pressure  cylinders  may  be  [and 
Iways  ought  to  be]  jacketed  with  high  pressure  steam,  so  that 
1  these  there  need  be  hardly  any  condensation. 

6.  There  is  leas  than  one-third  of  the  leakage  past  valves  and 
istoDs  (see  Art  232). 

7.  Considerations  such  as  (3)  show  that  much  higher  speeds  may 
eused 

8.  In  a  great  number  of  cases,  the  machines  to  be  driven  run  at 
igh  speeds  ;  the  high  speed  of  the  engine  allows  of  direct  coupling 
k1  so  there  is  much  less  loss  of  energy  by  friction  and  much  greater 
«ivenienee  because  of  the  smaller  space  occupied. 

9.  The  cost  of  engines  for  the  saiue  power  and  economy  is  less. 

There  is  a  disadvantage  due  to  droj)  of  pressure  after  release  in 
ich  cylinder,  but  in  truth  this  is  about  counterbalanced  by  the 
yingof  the  steam  which  it  j)r(Kluces.  With  more  supt^rheating,  or 
Iter  jacketing  or   drainage,    these   (Iroj)s    may  be    reduced    with 

Ivantage. 

As  to  the  condensation  being  less  when  the  expansion  w^curs  in 
ro  or  three  cylinders  instead  of  one,  this  has  bt?en  proved  by  many 
refill  tests*     Thus  Professor  Unwin  found  that  when  a  two-cylinder 
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engine  was  driven,  and  afterwards  its  larger  cylinder  alone  was 
used  with  the  same  total  expansion,  he  obtained  the  following 
results,  W  being  lb.  of  steam  per  hour  and  /  the  indicated  power:— 

Effects  of  Jackets  and  Sccckssive  Expansion. 


Single    .    . 
Compound 


Without  Bteani  in 
jacketH. 


321 
221 


With  Hteam  iu 
Jackets. 


26-7 
19-5 


CoiMumptiou  of  nteua 
iu  Jacket  as  a  frmctioo 
of  the  whi>lc. 


per  cent. 
7 
12 


Single  cylinder  engines  are  used  when  the  initial  pressure  is  no' 
much  more  than  80  lbs.  (condensing)  or  90  lbs.  (non-condensing).  Two 
expansion  engines  are  used  up  to  initial  pressures  of  about  180  lbs 
per  square  inch.  Three-expansion  engines  are  used  for  highei 
pressures.  There  are  no  exact  rules.  The  use  of  four- valve  gear 
such  as  the  Corliss,  allows  us  to  have  economy  with  more  expansioi 
at  considerably  higher  pressures  than  when  the  slide  valve  is  used 

226.  We  find  always  that  increased  speed  means  increa8e< 
economy,  and  this  seems  to  be  altogether  due  to  the  fact  that  a 
higher  speeds  there  is  less  missing  water  per  stroke. 

The  following  figures  from  the  non-condensing  trials  of  Mi 
Willans  illustrate  the  effect  of  speed,  and  also  of  compounding  aw 
tripling  on  the  same  engine,  y  means  the  ratio  of  the  missini 
steam  at  the  cut-oflf  in  the  cylinder  of  highest  pressure  to  th« 
indicated  steam ;  W  is  the  total  weight  of  steam  used  in  pound 
per  hour,  and  /  is  the  indicated  horse-power,  n  being  the  revolution 
{)er  minute,  r  the  total  ratio  of  expansion. 

Efke(t>»  of  Sii-cEssivE  Expansion  and  Speei». 
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I  find  that  as  a  rule  in  wet  cylinders  the  condensation  is  halve 
when  the  speed  is  quadrupled,  whereas  in  fairly  dry  cylinders,  well 
jacketed  and  drained,  the  condensation  is  halved  ^hen  the  speed  ; 
doubled.     I  mean  that  there  is  a  tendency  to  some  such  differeiM 
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of  law,  but  the  following  results  show  that  there  is  no  very  exact 

law. 

WiLLAXs'  Condensing  CoMi»orND.     Effects  of  Speed. 
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17-6 
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2S7.  The  state  of  things  inside  a  steam  engine  cylinder  so  nearly 
approaches  instability  that  the  student  must  be  specially  careful  in 
adopting  off-hand  assumptions  which  may  seem 
reasonable.  For  example,  such  a  calculation  as 
ikat  of  Art.  223,  where  I  glibly  speak  of  the  heat 
given  to  the  cylinder  by  steam  condensing  at  the 
initial  pressure,  and  evaporating  at  the  exhaust 
ivessare,  is  misleading,  although  it  happens  not 
to  be  utterly  wrong,  as  so  many  reasonable  looking 
MBumptions  are,  which  one  finds  in  books  and 
i)aasi-scientiiic  papers.  The  neglected  part  of  that 
calcalation  is  what  occurs  at  intermediate  tem- 
peratures, and  particularly  in  the  expinsion  (see 
Art.  400). 

It  is  really  necessary  to  take  up  one  or  two 
probtema  which  can  be  worked  out  accurately 
BMthematically,  and  use  the  answers  merely 
a^'  suggestions  in  our  study  of  the  cylinder. 


3 


Fi...  2S2. 


If  an  iniiiiite  block  of  material,  supposed  to  l)e 
homogeneous,  has  a  plane  face,  A  li.  If  at  the  })oint  P, 
vhich  is  at  the  distance  x  from  A  li,  the  temperature 
\m  p,  and  we  imagine  the  temperature  the  same  at  aU 
points  in  the  same  plane  as  /'  jNirallel  to  A  li  (that  is, 
we    are    only   considering    flow    of    heat    in    a     direction 

dr 
•t  right  angles  to  the  plane  -I  /f),  and  if     -  is  the  temperature  gradient  at 

tin 

P,  then  -   k  -j^xnthe  amount  flowing  \HiV  settmtl  through  unit  area  like  P Q^ 
dx 

in  the  direction  of  increasing  x.  This  is  really  the  definition  of  i-,  the  con- 
doctivity  of  a  material.  I  shall  imagine  k  to  l>e  constant.  l^*t  us  imagine  P  Q 
exactly  a  scjuare  centimetre   in  area.     Now  what  is  the  flow  across  7*5,  or 

what  it  the  valae  of  -  X*       at  the  new  place,  which  it  x  +  Sx  from  the  plane 

nx 
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j4B^    Observe  that  -  it  ^  is  a  function  of  x,  call  it  /{x)  for  a  moment 
the  space  PQTS  receives  heat/(x)  per  second,  and  gives  out/(x  +  8x). 


/{x  +  ax)  -  /(x)  =  dx  , 


dx 


This  equation  is,  of  course,  true  only  when  Ix  is  supposed  to  be  small 
smaller  without  limit.  We  see  then  that  -  9x  -z-/{x)  is  the  lieat  being 
to  the  space  PQTS  every  second  ;  this  is 


But  the  volume  is  1  x  9x,  and  if  p  is  the  M-eight  per  cubic  centimetre,  and 

the  specific  heat,  then  if  i  is  time  in  seconds,  p  .  dx  .  a  .  ^-  also  measures  tl 

at 

per  second  at  which  the  space  receives  heat.     Hence 

or 

d^v  _  pn      dv 

d^^  ~T   '    di ^*^ 

It  will  be  found  that  there  are  innumerable  solutions  of  this  equatio 
there  is  only  one  which  suits  particular  surface  and  other  given  cond 
The  beginner  ought  to  take  up  the  following  problem- 
Imagine  the  average  temperature  everywhere  to  be  0,  and  that 

Vq  =  a  sin  2vn/,  or  a  sin  9^ (2) 

is  the  law  acconling  to  which  the  temperature  changes  at  the  skin  where  ; 
n  or  q/2w  means  the  number  of  complete  periodic  changes  per  second, 
carefully  examined  the  cycle  of  temperature  change  in  the  clearance  spac 
steam  cylinder,  and  it  follows  suthciently  closely  a  simple  harmonic  la* 
Art.  229)  for  us  to  take  this  as  a  basis  of  calculation.  Take  any  period 
one  pleases,  it  consists  of  tenns  like  this,  and  any  complicated  case  is 
studied.  Considering  the  great  complexity  of  the  phenomena  occurrinj 
steam  cylinder,  I  think  this  idea  of  simple  harmonic  variation  at  the  s 
of  the  metal  to  be  a  good  enough  hypothesis  for  our  guidance.  It  is  she 
the  note  that  the  range  (2a)  of  temperature  of  the  actual  skin  is  much  lesi 
that  of  the  steam,  being  the  range  in  the  steam  multiplied  by  c,  the  emit 
at  the  surface,  and  divided  by  ik^'2wuw»k:  I  am  not  now  considering  the 
in  the  cylinder,  on  the  skin  and  in  pockets,  as  requiring  itself  to  be  heate 
cooled  ;  this  heating  and  cooling  occurs  with  enormous  rapidity,  and  is  pn 
nearly  independent  of  the  speed  of  the  engine.  Drainage  will  get  rid  of 
of  this  water,  and  drainage  has  another  advantage  so  great  that  I  am  in 
to  think  <Irainage  much  more  important  than  steam-jacketing.  But  besid* 
evil  function  of  the  water,  the  layer  on  the  skin  acts  as  greatly  increasing 
so  causing  the  range  {2a)  to  }ye  greater. 

The  student  ought  to  trj-  if  the  equation  (1)  has  a  solution  like 

r  =  A***  sin.  {qt  +  yx)^ 

and  if  so,  Hnd  a  and  7,  and  make  it  tit  the  case  in  which  v  =  0  when  x  =  a 
r  —  a  sin.  qt  where  x  =  0.     By  actual  trial  we  find  that 

V  -  A  ••*  sin.  {qt  +  ax)  +  lit  -  •'  sin.  {qt  -  ox)  ...    (8) 
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^iVhere  A  and  B  are  any  constants,  and  a  =    x/    ^  xi  q  =  2»n.     Now  if  r  =  0 

when  X  =  » ,  obviously  ^  is  0.     If  r  =  o  sin.  qt  where  a:  =  0,  obviously  B  is  a, 
and  hence  at  any  place  and  at  any  time 

r  =  CM  -  •*  sin.  {2wnt  -ax) (4)  * 

This  is  the  answer  for  an  infinite  mass  of  material  with  one  plane  face.     It 

is  approximately  true  in  the^wall  of  a  thick  cylinder,  if  the  outside  is  at  the 

temperature  0.     If  the  outside  is,  with  very  little  fluctuation,  at  an  average 

temperature  r',  and  the  thickness  of  the  metal  is  6,  and  if  the  inside  skin  has 

the  Average  temperature  r/'  (in  our  case  0),  we  have  only  to  add  the  terms 

.,     r*  -  r"  t/ 

*■"+-. —  X  (in  our  case  0  +  ^  a?)  to  the  expression  (4).     This  shows  how  a 

tetm-jacket  affects  r.     If  t/  is  made  negative,  we  have  an  approximate  repre- 
•entttion  of  what  occurs  in  a  well-lagged  unjacketed  cylinder. 

The  result  ought  to  be  very  carefully  studied.  Take  for  example  a=  10*"  C. 
I"' =  50**  C. ,  6  =  3  centimetres,  il*=*16,  as  it  probably  is  in  cast  iron,  although 
even  in  iron  we  do  not  know  k  within  50  per  cent.  Take  n  =  2  which  corres- 
ponds to  120  revolutions  per  minute ;  for  any  particular  value  of  t  find  v  for 
^vious  values  of  x,  and  show  your  answers  by  a  curve.  Now  take  other  values 
of  1 4nd  repeat,  and  show  all  the  curves  in  different  colours  on  one  sheet  of 
p«per.  I  advise  a  curve  for  each  of  the  following  values  of  t — 0,  0*1,  0*2,  0*3, 
H,  0*5.     I  might  waste  ten  pages  of  this  book  on  an  interesting  study  of  these 


^  The  emissivity  at  the  metal  surface  is  e,  which  means  that 

fin 

{r^  -  $)  e  =  k  J- where  X  =  0 (1) 

dx 

I'f  ii  the  temperature  of  the  steam  at  any  instant,  and  r^  that  of  the  metal  at  the 
(vfiMCL  The  thickness  of  metal  b  is  supposed  to  be  so  great  that  there  are  no 
hetOAtioDs  of  temperature  where  x  =  h.  It  is  easy  to  show  that  the  temperature  at 
aj  point  in  the  metal  is 

h/  v'e 

V  ^  $^  +   -r i  -♦•  X  -r r  +  at-  ^  sin.  {2irnf  -  ax)  .    .    .    (2) 

•       eb  +  k         eb  +  k 

f  eonne  $  may  also  be  written 

We  see  that  the  effect  of  the  steain-jacket  keeping  the  outer  surface  of  the  metal 
i  temperature  which  is  higher  than  e^  by  the  amount  t'  is  to  raise  the  average 
■pcrature  of  the  inner  surface  by  Lr\f{eh  +  k)  alK)ve  that  of  the  steam.  As  the 
ice  resistance  gets  greater  and  greater  {f  less  antl  less)  the  mean  inner  surface 
aperstore  gets  to  be  nearer  and  nearer  that  of  the  outer  surface  of  the  metal. 
If  the  amplitude  of  the  steam  temperature  is  called  A  (this  is  called  hi^^  e,> 
-where),  the  amplitude  a  of  the  inner  surface  of  the  metal  is,  since  ka  =  s'wupak 

A^ 
o  =       - 

s/ifnp»k  +  («  +  nVm^A')^ 

If  *•  is  small  a  <x.  Atj *Jh 
If  e  is  large  a  -  A. 
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curves,  but  the  student  will  get  more  good  from  his  own  study  of  them  thi 
reading. 

At  any  point  at  the  depth  x  there  is  a  simple  harmonic  rise  and  fall  u 
time  of  one  revolution  of  the  engine ;  but  the  range  gets  less  rapidly  a 
depth  is  greater ;  note  also  that  the  changes  lag  more  as  we  go  deeper.  H 
exactly  the  sort  of  thing  observed  in  the  buried  thermometers  at  Crai| 
Quarry,  Edinburgh.  The  changes  of  temperature  were  of  twenty-four  \ 
period,  noticeable  only  at  shallow  depths,  and  also  of  one  year  period,  notic 
at  cousidei'able  depths.  I  give  the  yearly  periodic  changes,  the  average  retu 
eighteen  years*  observations. 


Depth  below  Hurface.  ,  ^^^'^^  oXenhd?.^™*""  '  Time  of  highest  tempcrmtui*. 


3  feet 

6 

>» 

12 

>} 

24 

»» 

1614 

12-30 

8  43 

3-67 


August  14 
,.      26 
September  17 
November  7 


Observations  at  twenty -four  feet  below  the  surface  at  Calton  Hill,  Kdinbi 

showed  highest  temperature  on  January  6th. 

Now  let  us  from  (4)  find  the  rate  per  second  at  which  heat  is  flowing  thi 

dv 
a  square  centimetre,  that  is,  find  -  l^-r    at  any  instant,  where  x  s  0,  us 

for  \inipMlk'.     I  find  it  to  be 

kaa  v'2  sin.  (  2ir«/  +  t  )• 

The  note  gives  the  true  form  of  the  steam-jacket  term,  e  being  the  emisi 
at  the  surface.    The  steam-jacket  sends  in  heat  at  the  rate  kev'^eb  +  k)  per  se 

The  amount  flowing  into  the  metal  then  during  the  half  period  -,  T  (or  ^-  ii 

the  frequency  or  number  of  periods  per  second)  is  the  integral  of  the  rate,o 

a  ^f'lk-psjuw  -  kev'/2n{th  +  k) 

and  the  amount  out  of  the  metal  is  the  same  except  that  the  jacket  te 
positive. 

When  e  is  small,  the  note  tells  us  that  a  is 

^(^i  -  ^aW  \^2imp</: 
so  that  the  maximum  amount  of  heat  flowing  into  the  metal  in  one  cycle  is 

2/1 »  2;iX* 

Again,  when  f  is  very  large,  a  is,- (^j  -  63),  and  the  maximum  amount  of 
flowing  into  the  nietul  in  one  cycle  is 

\  («i  -  «,)\'2AWn''^  -  kr'/2nh. 

It  will  be  seen  that  I  shall  make  use  of  the  steam-jacket  term  when  I 
of  the  causes,  Art.  402,  tending  to  keep  the  cylinder  dry  of  water.     The 


HIT  CYLINDER  CONDENSATION  385 

eootinooat  flow  of  heat  due  to  the  jacket  is  very  important  in  this  way ;  but  as 
I  shall  speak  now  of  the  great  flow  of  heat  into  the  metal  on  admission,  this  heat 
coming  oat  again  daring  release  and  exhaust,  I  shall  neglect  the  much  smaller 
•team-jacket  term  in  this  connection.  In  a  very  dry  cylinder  the  steam-jacket 
torn  would,  however,  be  important  even  here. 

228.  Until  last  year  I  and  others  had  always  assumed  that  the 
iBgv  of  temperature  of  the  metal  is  something  approaching  half 
hat  of  the  steam  ;  in  feust,  that  e  is  so  large  as  to  lead  to  the  law 

Heat  flow  per  cycle  x  1/^/^- 

I  cannot  now  find  the  reference,  but  I  am  sure  that  I  have  seen 
tvidence  that  the  range  of  temperature  in  the  skin  of  the  metal  was 
ihovLt  half  that  of  the  steam. 

The  experiments  of  Professor  Callendar  have  changed  my  opinion, 
for  example,  he  found  at  O'Ol  inch  depth  a  range  of  4''  when  the 
teun  range  was  about  46^  at  100  revolutions  per  minute.  He 
skalated  from  k  and  8  for  iron  that  the  surface  range  could  only  have 
Men  about  5^  Now  I  am  not  sure  that  I  can  accept  his  measure- 
Dent  of  the  real  temperature  at  the  depth  001  inch ;  there  is  much 
0  be  said  in  opposition  to  his  view,  but  in  deference  to  his  judgment 
[have  altered  my  notion  of  the  usual  value  of  e.  If  e  is  small,  the 
lett  entering  the  metal  per  cycle  is  proportional  to  7i"^  If  e  is  large, 
ke  heat  is  proportional  to  n"  *.  I  have  often  used  n"^/^  and  other 
mwers  of  n  in  obtaining  empirical  formulae  from  experimental 
volts.  I  am  now  disposed  to  say  that  in  general  I  shall  assume 
he  heat  entering  the  metal  per  cycle  to  be  inversely  proportional 
0  ^%  +  nt,  where  the  n  term  is  more  important  in  dry  cylinders 
od  the  ^n  term  in  wet  cylinders.  An  examination  of  the  results 
f  actual  triak  of  engines.  Art.  234,  will  show  that  this  is  reasonable. 

229.  In  the  above  investigation  I  have  taken  a  simple  har- 
M>iuc  change  of  temperature  of  the  steam.  I  once  sketched  out  at 
indom  a  possible  indicator  diagram  for  a  non-condensing  engine 
ith  cut  off  at  about  half  stroke,  and  one  of  my  students  found  that 
lie  temperature  of  the  steam  followed  the  law 

e  =  126-3  +  32-3  sin.  (27rw^  +  20'), 

the  time,  being  measured  from  dead  point,  angularity  of  connecting 
ri  neglected.  Usually,  of  course,  it  cannot  be  so  simple,  but  it  is 
rident  from  the  above  investigation  that  the  effect  of  the  higher 
irmonics  is  smalL 

My  students  have  taken  a  variety  of  hypothetical  indicator 
ignuDSy  with  cushioning,  &c. ;  taking  one  second  as  the  time  of  a 
rohiiion,  they  have  drawn  the  curves  showing  temperature   and 

c  c 
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time;  they  have  developed  the  Amotion  in  Fourier  m 

each  term  of  which  is  of  course  treated  exactly  in  the  same  ¥; 
the  above.  I  may  say  that  I  have  given  this  exercise  to  studei 
successive  years  rather  as  a  good  practical  mathematical  exercise 
as  one  which  it  was  worth  while  to  do  for  the  sake  of  the  s 
engine.  In  one  year  I  took  account  of  the  fact  that  some  poi 
of  the  barrel  surface  have  a  different  experience  from  the  clea 
surface,  but  in  truth  there  is  not  much  benefit  derivable  froB 
vague  speculative  knowledge  that  we  have  of  the  effect  oi 
piston  covering  the  place,  the  perpetual  change  in  the  surfiEU^ 
the  conduction  of  heat  from  and  to  hotter  and  colder  neighbo 
places,  &c. 

Instead  of  giving  the  results  arrived  at  so  laboriously  b; 
students — results  some  of  which  are  perhaps  incorrectly  worke< 
— I  may  say  that  I  think  the  following  problem  gives  a  I 
suggestion. 

ft30.  If  the  infinite  block  of  Art.  227  is  all  at  ^3,  and  if  suddenly  its  1 
is  exposed  to  steam  at  $1  and  kept  at  that  temperature  for  the  time  t,  th 
that  enters  it  per  unit  area  is  e  {0^  -  0^)1  if  e  and  t  are  small,  and  it  is 

if  e  is  large. 

I  have  shown  in  the  note '  that  these  two  cases  lead  to  the  following  resi 

^  An  infinite  block  of  homogeneous  material  with  a  plane  face,  the  tempc 
everywhere  being  0  till  the  time  t  is  (I,  when  suddenly  the  medium  on  the  oth« 
of  the  plane  face  is  kept  at  constant  temperature  Vq,     Let  the  surface  emistii 
e  ;  let  t\  be  the  temperature  of  the  skin  at  time  ty  and  r  the  temperature 
depth  X.     Then,  as  before, 


f 


f^r       Hp  fir 


,/;^  =  T  7/7  =  »'" <•> 


I  use  9*  to  represent  -.;-  -j.     Hence 


r  =  •  -  v'r, (2) 

dv 

or  f,  =   — '^- (3) 

Developing  (3)  in  powers  of  q  or  in  inverse  powers  of  7,  we  get  two  1 
solutions,  one  easier  to  work  with  when  tt  is  small,  the  other  easier  to  work  witl 
'  /  is  large. 

Let  Q  be  the  amount  of  heat  which  enters  the  block  from  (  =  0,  then  Q 
integral  of  €{Vq  -  1^,).  This  gives  an  example  of  the  enormous  practical  valoe ' 
HtaTisS4t's  op«r«tor  mttbo4  which  may  be  easily  understood  and  used 
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html  entering  the  metal  per  unit  area  during  admission  may  be  represented 

e(e,  -  e,)  ((/  +  ^)  -r  « (1) 

i  g  and  k  are  constants  if  e  is  small  and  to 

(•i  -  «»)  (l/ + -) -5-  s'n    . 

B  large,  if  r  is  the  ratio  of  cut-off.     Hence  as  we  are  only  looking  for  a 
ing  formula,  I  shall  take  it  that  during  admission  from  e^  to  Oj,  cut-off  being 

h  of  the  stroke,  the  heat  that  enters  the  metal   per  unit  area  is  repre- 
dbj 


(2) 


h 


(3) 


tical  tyro  to  solve  problems  regarded  as  insoluble  by  the  very  best  ortho<lox 
tidans  (eee  Mr.  Heaviside's  Electro- magnetic  Theorj/,  Chap.  V.  §  228).  The 
rhich  suit  small  values  of  et  are 

2 


a{^  -  I)  - 


1       2« 


-  mtt 


) 


(4) 


(a»)^/5  (3  lo  tt       7.15  a*      9 .  3 .  o .  7  a^  J  J 


m  miall  enough  we  see  that 


(6) 


aw 


e  motion  of  the  piston  is  simple  harmonic,  and  there  are  »  revolutions 

ite,   if  admission  is  exactly  at  a  dead  point,  if  cut-off  is  at  -th  of  the 

the    time    of    admission    t,     it    is   evident    that    t    is    proportional    to 

oa.  ~M  1  — J.     Calling  this  t  I  have  calculated  its  value  and  find  that 

mghly  be  represented  by  the  function  of  r,  which  I  tabulate.  It  would  be 
tdd  a  constant  to  every  value  of  t,  because  admission  may  be  said  roughly 
4aoe  in  all  cases  when  the  piston  is,  say,  ten  degrees  from  the  dead  point ; 
cause  no  change  in  the  character  of  the  formula  which  I  suggest. 


16 

29 

29 

12 

.^3  6 

32 

9 

39 

36 

7 

44  4 

41 

.•5 

.13  1 

49 

3 

70-5 

69 

2 

90 

92 

• 

i 

109-5 

117 

20  +  146/r 


onld  be  easy  to  obtain  a  simple  function  of  r,  which  would  be  in  more  exact 
m  to  i,  but  it  is 'evident  that  for  my  purpose  even  a  roughly  correct  repre- 

c  c  2 
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the  n  term  being  more  important  in  dr}'  cylinders  and  the  ^n  term  in 
cylinders  where  e  is  presumably  lax^.  Also  as  e  ought  to  oome  into  the  fon 
only  when  it  is  small,  I  shall  take  it  that  in  this  formula,  our  e  increas 
proportion  to  the  wetness  of  the  cylinder  only  when  small  and  reaches  a  maxii 
value.  In  fact,  if  to  is  the  average  weight  of  water  present,  and  8  is  the  avc 
exposed  area  of  the  cylinder  surface,  I  shall  consider  e  to  be  a  function  of  ir 

^^ITWS ^*^ 

Where  m  is  some  constant ;  that  is,  the  heat  entering  the  metal  per  stroke  i 

h 


wS  ^^r 


: X 


S-k-mw       ^n^ 


en 


(5) 


If  tr  is  the  water  present  at  9^**  C.  before  fresh  steam  is  admitted,  the 
of  heat  during  admission  at  $i'*  C.  due  to  the  presence  of  water  is  w(#|  -  #|). 

I  take  9,  (the  exhaust  temperature)  as  the  temperature  of  the  water,  pa; 
no  attention  to  the  fact  that  the  pressure  rises  during  cushioning,  becao 
maintain  that  if  there  is  water  present  it  can  only  be  at  very  low  speeds 
there  is  equilibrium  of  temperature  between  steam  and  water ;  the  steam  is  kx 
superheated.  My  indicator,  Fig.  00,  has  enabled  me  to  get  diagrams  at  i 
than  1,000  revolutions  per  minute,  and  I  find  that  the  cushioning  curve  al 
greatly  with  speed.    Cushioning  greatly  diminishes,  in  fact,  at  smaller  spc 

I  shall  use  A'  to  stand  for  >Jn  +  en ;  I  shall  use  5  to  mean  the  ave 
surface  of  metal  exposed  to  the  steam.  In  any  tjrpe  of  engine  the  dear 
area  is  proportional  to  the  piston  area ;  the  rest  of  the  average  surface  exp 

sentation  will  suffice.     I  shall  therefore  take  it  that  when  e  is  small  the  heatente 
the  metal  per  unit  area  during  admission  may  be  represented  by 


e{e,  -  «,)  (  flr  +  -)  4-  n (7) 


where  g  and  h  are  constants. 

The  solution  which  suits  larger  values  of  e  and  t  is 


'-'{■-(T,r{'-.y*'K5)"-M]  ■    '» 


>f«'here  as  before  a  =  spk/e*. 

Using  only  the  first  terms  in  t  we  find 


Now  I  find  that  I  get  a  much  more  accurate  representation  of  ,Ji  than  ol  i 
an  expression  like  g  +  A/r,  so  that  the  heat  entering  the  metal  per  unit  area  dm 
admission  may  be  represented  by 


(•i  -  •j^  (i;  +  ;) -5-  Vi (W 
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before  cilt-off  may  roughly  be  taken  to  be  some  fraction  of  the  cylindric 
nrfaoe  exposed  at  cnt^if,  and  so  we  may  take  it  that  the  exposed  surface  may 
be  expreaeed  aa  proportioiial  to 

cP  +  6  — 

r 

where  d  is  diameter,  and  I  length  of  cylinder,  and  6  is  a  constant.  The  missing 
heat  per  stroke  ia  then 


(^e^^y/^  «,)(•, -a.) 


(6) 


I  take  it  that  the  amount  of  steam  condensed   to  provide  this  heat  may  be 
obtained  by  dividing  by  JSTi  -  J  ($i  -  0^), 

The  indicated  steam  per  stroke  is  i»d-7/l44rui,  and  if  y  =  — -r: z—- 

*^  -•       I  1  if       mdicated  steam 


(7) 


Now  I  find  that  if  tfg  =  40""  C.  in  condensing  engines,  and  110*  C.  in  non- 
eoodenaing  enginee,  we  may  take  it  as  roughly  true  that 

■„       ttl^   M  \  *•  proportional  to  Pi"®**  in  condensing  engines,  and  is  a  constant 

m  DOB-ooDdensing  engines.     This  can  easily  be  checked  by  a  student,  and  is  an 
wreiae.    Hence 


roc 


01.  •"•;*-!)/ <«» 


where/* is  a  constant  in  non-condensing  and  is  proportional  to  Pi~^**  in  con- 
dennng  engines. 

33 1.  If  we  choose  to  imagine  that  in  ordinary'  well-designed 
engines  there  is  no  water  at  the  end  of  the  exhaust,  make  w  =  o. 
As  the  clearance  area  is  much  the  most  important  part  of  5,  we  may 
'tmghly  take  5  -r  W*  as  the  reciprocal  of  the  dimensions  of  the 
cylinder,  and  this  is  perhaps  most  usually  stated  as  l.d;  and  we 
kave  a  working  formula,  assuming  e  to  be  constant.     , 

y  a        _  non-condensing.   .     .     .     (1) 

y  ex.  y   ^^-       ^      -  ~  condensing.    .     .     .     ( 2) 

233.  Iieakage. — Of  the  steam  missing  at  cut-off,  part  is  what 
^aks  past  valves  and  piston.  This  leakage  is  occurring  during  the 
rhole  cycle,  and  is  probably  proportional  to  p^  —p^.  Messrs.  Callendar 
Dd  Nicholson  in  studying  it,  apply  the  laws  of  transportation  of  water 
hrough  narrow  passages  (steam  condensing  on  one  side  of  the  valve, 
Msing  through  as  water  and  evaporating  on  the  other  side).  They 
nd  that  in  one  balanced  slide  valve  and  three  unbalanced,  examined 
f  them»  the  leakage  in   pounds  of  steam  {)er  hour  is  equal  to 
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•02s(7?,  '~p^)!\  where  8  is  the  perimeter  of  the  port  and  X  is  what  they 
call  the  mean  overlap.  The  leakage  per  second  in  their  experiments 
seemed  to  be  nearly  independent  of  the  speed  of  reciprocation  of  the 
valve.  As  to  their  view  of  the  way  in  which  leakage  takes  place, 
they  say,  "  So  long  as  the  valve  is  stationary,  the  oil  film  may  suffice 
to  make  a  perfectly  tight  joint ;  but  as  soon  as  it  begins  to  move,  the 
oil  film  becomes  broken  up  and  partly  dissipated.  Water  is  being 
continually  condensed  on  the  colder  parts  of  the  surface  exposed  by 
the  motion  of  the  valve.  This  water  works  its  way  through,  and 
breaks  up  the  oil- film  under  the  combined  influence  of  the  pressure 
and  the  motion.  The  continual  re-evaporation  taking  place  in  the 
exhaust  tends  to  keep  the  valve  and  the  bearing  surfaces  of  the  seat 
cool,  and  to  maintain  the  leaking  fluid  in  the  state  of  water.  The 
exhaust  steam  from  the  cylinder  has  the  same  tendency.  The  co- 
efficients of  viscosity  of  steam  and  water  at  the  temperatures  which 
occur  in  the  steam  engine  are  not  accurately  known.  But  whenas 
that  of  steam  increases  with  rise  of  temperature,  that  of  water 
diminishes  very  rapidly.  It  is  not  improbable  that  the  quantity  of 
water  which  can  leak  through  a  given  crack  under  a  given  differ- 
ence of  pressure,  may  be  from  twenty  to  fifty  times  greater  than  the 
quantity  of  steam  which  can  leak  under  similar  conditions.  This* 
agrees  with  well-known  facts  in  regard  to  leakage,  and  explains 
how  it  is  that  the  leakage  in  the  form  of  water  is  so  great.  A 
few  simple  experiments  wore  made  with  regard  to  the  transpiration 
of  water  and  steam  under  the  conditions  in  question,  and  the 
leakage?  in  the  form  of  water  was  more  than  twenty  times  as  grt'at, 
the  water  being  at  a  temperature  below  boiling  point.  The  motion 
both  of  the  water  and  the  steam,  owing  to  the  high  vehifity, 
Wiis  certainly  turbulent  or  eddying,  which  would  have  the  efft^ct 
of  greatly  increasing  the  resistance  as  compared  with  that  due  t4» 
viscositv,  if  the  motion  were  steadv.  For  the  case  of  steadv  nn>tiun, 
comparativt*  tests  were  made  of  the  relative  values  of  the  viscosity 
uf  water  col<l  and  hot.  Thi!  measurements  were  not  sufficiently 
accunite  to  give  the  law  of  the  variation  of  the  viscosity  ^'i^'* 
temperature  above  212";  but  it  appeared  that  the  viscosity*^ 
212'  F.  was  only  om»  (juartor  of  that  at  62°  P.,  and  that  it  con- 
tinued lo  diminish  vc»rv  rapidly.  Under  the  actual  conditions  of 
the  valve-leak  experinu*nts,  the  water  leak  is  niort*  likely  to  hft^** 
been  between  forty  and  fifty  times  the  steam  lef\k.  An  explana- 
tion IS  thus  furnished  of  a  possible  fonn  of  leakage,  indirectly  <lue 
to  condensiit ion  aii<l  re-evaporation,  so  many  times  greater  than 
the  steam  leakage,  which,  alone,  engineers  have  been  in  the  habit 
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f  contemplating,  that  it  might  well  claim  attention  on  its  ow'ii 
lerits,  apart  from  the  very  limited  number  of  valves  on  which  it  has 
ilherto  been  possible  to  make  direct  experiments. 

"  The  analysis  of  a  large  number  of  observations,  in  addition  to 
he  few  made  by  the  authors,  leads  to  the  conclusion  that  all 
alves  leak  more  or  less  when  in  motion,  and  that  in  many  cases 
he  greater  part  of  the  missing  quantity  is  to  be  attributed  to 
eakage  of  this  description.  Whatever  the  precise  manner  in  which 
he  leak  takes  place,  it  appears  to  be  nearly  proportional  to  the 
lifference  of  pressure  and  to  be  in  most  cases  independent  of  the 
spertL  In  any  case  it  appears  probable  that  the  leakage  is  con- 
aected  in  some  way  with  the  condensation  taking  place  on  the 
^vo  !>ur&ces.  If  so,  it  may  evidently  be  greatly  reduced,  if  not 
entirely  cured,  by  jacketing,  or  otherAvise  heating  the  valve  seat,  to 
minimise  the  condensation. 

"These  views  have  an  important  bearing  on  the  design  of  valves. 
For  low-s})eed  engines,  separate  steam-  and  exhaust-valves  should 
possess  advantages  over  the  ordinary  slide  valve.  The  superiority  of 
the  compound  engine  would  also  appear  to  be  partly  due  to  the  great 
reduction  of  possible  leakage.'* 

S33.  The  quantity  of  water  whicli  will  pass  per  si'ooiul  tlirougli  a  capiUary 
ptsaage  is  proportional  to 

if  a  i*thf  croj*:*-Hectioniil  area,  s  the  perimeter  of  the  >eelioii,  ami  A  tlie  lengtii  of 
the  pas«<ige. 

It  iJ*  practically  iiiijx>Hsil)le  to  yiiess  at  tlie  nia^nitiule  of  these  (juantitieH  in 
1  Itaklny  TalTc  or  piston.  Very  slight  local  (litl'erences  of  temiH*rature  in  valves 
cause  >:reat  warping,  and  we  have  the  etlecis  «>£  wear  also  to  consi<ler  in 
estimating  the  thickness  of  the  water  film  between  fai.'es  and  seats  of  valves. 
Let  «s  take  a  as  proportional  to  //"-  an<l  ft  and  A  ea<'h  pro]>ortional  to  ff  in  similar 
tngineK  if  */  is  tlie  iliameter  of  the  cylimler.  This  would  give  us  the  leakage  j)er 
•troke  ■-■-  i/ti  -  pi)fi';ii. 

Dividing  this  hy  the  indicated  steam,  and  assuming  roughly  that  (//,  — /'j)«i 
ifcon-^tant,  we  tind  that  the  jnirtion  <tf  //  whi<'h  is*  ilue  to  leakage  is  proportional 
to  r  liff. 

If.  then,  lam  right  in  this  rough  gene rali><at ion,  (1)  of  Art.  2'M  ought  to  Ik* 
nearly  <'orrei't  as  representing  hoth  con<lensjition  and  leakage  in  non-condensing 
engine*^:  M-herea**,  in  condensing  engines,  a  term  pro[M)rtional  to  r  n'f  <»ught  to 
headile«l  to  rj). 

The  Mis.'iinf/  Quantity — Ej-'i^criinciitnJ  lusult^. 

234.  It  has  lung  been  known  from  actual  nieasuivnient  that  in  a 
ingle-cylinder  engine,//  the  ratio  of  mlMing  steam  at  eut-oti' to  the 
Qdicated  steam,  is  gri*ater  xs  r  is  greater,  is  greater  as  the  sjk.hk1  is 
!»*,  and  is  greater  in  small  cylinders  than  in  large.     Until  1888, 
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however,  there  was  no  experimental  investigation  the  methods  of 
which  were  sufficiently  scientific  to  withstand  criticism.  Variaw 
formulae  were  used  to  express  the  results,  and  they  were  supposed  to 
be  based  on  theories.  For  twenty  years  I  have  been  in  the  habit  of 
using 

r  +  b  ... 

y  =  a:Tr-7-  - — -V    ...    (1), 

where  a  and  b  and  c  are  constants  which  alter  with  the  nature  of 
the  engine ;  r  is  the  ratio  of  cut-off;  d  is  the  diameter  of  the  cylinder 
in  inches.  Also  a  is  a  constant  in  non-condensing  engines,  bnt 
varies  inversely  as  the  square  root  of  the  initial  pressure  p^  of  the 
steam  in  condensing  engines. 

I  have  used  \/n  +  en  and  sometimes  n'  in  the  denominator, 
telling  my  students  that  I  could  not  understand  how  the  theoij 
(Art.  227),  admittedly  defective  otherwise,  could  be  so  wrong  as  I 
sometimes  found  it  in  this  particular.  I  have  already  pointed  cot 
in  Art.  228  in  what  way  my  old  theory  was  defective. 

Professor  CotteriU's  formula  is 

y  =  c'f^r (2). 

where  c  is  sometimes  as  little  as  40  and  sometimes  as  much  as  100, 
both  in  condensing  and  non-condensing  tests. 
Professor  Thurston  uses 

V  =  ^       (3). 

where  c  is  30  in  a  fairly  economical  engine. 

It  is  easy  to  show  that  however  (2)  and  (3)  may  be  made  to 
agree  with  tests  of  non-condensing  engines,  they  cannot  be  made  to 
agree  with  the  tests  of  condensing  engines.  Thus,  for  example,  y  ^ 
supposed  to  be  the  same  at  a  given  r  and  n,  whether  p^  is  180  or 
only  45,  whereas  in  the  second  case  y  is  usually  found  to  be  twice  ^ 
great  as  in  the  first.  I  do  not  understand  how  any  one  consideriflg 
the  theory  of  the  question  can  have  lefl  out  the  Pi  term  in  condensing 
engines.  Messrs.  Callendar  and  Nicholson  have  recently  thrown  out 
the  suggestion 

y-'{:,:^.uT}  ■  ■  ■  w. 

which  is  certainly  more  promising  than  the  others.  I  have  not  trifiO 
it  yet,  except  on  Willans'  compound  condensing  trials,  and  these  i* 
certainly  does  not  agree  with,  but  of  course  it  is  only  meant  te  • 
single-cylinder  engine. 
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b  18  evident  firom  the  more  complete  theory  of  Chap.  XXXIV .  that 
JBpto  ftimnila  can  be  expected  to  agree  with  good  experimental 
ta.  The  only  results  which  seem  to  me  of  scientific  value  are 
!  published  by  the  late  Mr.  WiUana  in  1888  and  in  1893,  in 
rs  read  before  the  Institution  of  Civil  Engineers.  Students 
refer  to  these  classical  papers  themselves  for  descriptions  of  the 
al  valve  engines  actually  employed,  and  the  study  of  the  results 
e  best  of  all  exercises. 

Non-C(mdensing  Trials,  1888. 

186.  The  engine  had  three  cylinders,  areas  of  pistons  345, 71*47, 
141*3  square  inches ;  stroke,  6  inches.  I  use  r  to  mean  the  ratio 
e  greatest  volume  to  which  the  steam  can  expand  in  the  engine 
le  volume  of  steam  of  its  initial  pressure  at  cut-off.  This  de- 
on  will  suit  either  single,  double,  or  triple  expansion  engines. 
.  Single  Cylinder  Trials, — Piston  area,  141 '34.  The  initial 
lure  p^  vaiying  from  41  to  109  lbs.  per  square  inch.  The  ratio 
t-oflFr  in  every  trial  equal  to  about  ^^  -r  25,  the  speed  varying 
%  =  409  to  n  =  111  revolutions  per  minute.  I  find  that  rj  may 
iken  as  being  fairly  well  represented  by 

»  =  24-^ (1), 

«  rf  is  the  diameter  in  inches,  although  there  are  some  large 

epancies  bora  the  ^n  law.  I  assume  the  law  as  to  rf,  for  this 
aot  tested  in  any  way.  In  the  trials,  r  and  p^  were  not  separately 
d,  so  that  if  we  had  no  guidance  from  theory  we  might  take 

be  equal  topy^,  divided  by  d^n, 

L  Compound  Trials. — Cylinders  71*47  and  1413  square  inches 

,    .       steam  missine  at   hicfh  cut-off     «^.  .  , 

ea,  y  being    —  •   j.    ^   i\  y-^       r  ^      .     Those  trials  were 
°         mdicated  at  high  cut-off 

Dumerous,  and  were  the  most  important. 

^d  is  the  diameter  of  the  high  pressure  cylinder,  I  find  that 

y  =  120^    ....     (2) 

ies  all  the  trials  very  well. 

I  these  trials  of  Mr.  Willans  he  kept  r  always  nearly  equal  to 
varying  p^  and  r  together,  so  that  the  above  result  may  really 
re  Pi  and  may  not  be  so  simple  as  to  r.  But  frt>m  the  con- 
ations of  Art.  230  I  am  inclined  to  think  that  (2)  is  correct  and 
f  18  independent  ofp^ ;  nevertheless  we  have  no  proof  of  this. 
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CHAT. 


III.  The  triple  expansion  trials  were  few,  only  seven  altogether 
We  can  only  say  that  y  =  0057  when  n  =  400  and  p^  is  from  152 
to  172  lbs.  per  square  inch,  r  varying  from  6  to  6*5.  If  we  take  y  tobe 
of  the  same  form  as  in  the  compound  trials,  and  if  rf  is  the  diameter 
of  the  highest  pressure  cylinder 


r 


y  =  150  :j- 
^  dn 


(3). 


In  the  above  statements  I  have  gratuitously  assumed  that  y  is 
invei'sely  proportional  to  d  in  similar  engines. 

Condensing  Tinals,  1893. 

336.  The  central  valve  engine  used  was  not  verj'  different  frc»iii 

that  of  the  non-condensing  trials,  and  is  like  one  of  the  three  shown 

in  Fig.  233.  except  that  these  are  compound  only.     When  all  threv 

cylinders  an^  used,  steam  enters  the  first  cylinder  by  the  ports  AA^ 

when  the  central  valve  in  it  moves  up  and  opens  A-     When  the 

jK^rt  A  is  v>pjK^ite  the  metallic  rings  at  the  end  of  the  cylinder,  the 

steam  is  cut  oti\  subsequently  the  central  valve  closes  the  porti 

and  plact.'>  the  j>ort  A^  in  communication  with  the  receiver  beneAth 

the   piston  bv  the  i>ort  A^\  on  the  return  stroke  the  steam  islraa*- 

femxl  tVvm  the  cvlinder  to  the  receiver.     Thence  the  steam  enteR 

and  leax^^"-  the  >toaui  and  thin!  cylinders  by  the  ports  B^B^  and  £> 

uml  othtr  iK'r:s  '/.'/.  ar.tl  '.\.  \v<  sh'»wn  in  the  figure,  which  is  that, 

:" .»  V    v..\v'.:.  :  •  v.^i:..      r.'.v.     <,>r.  '.Tavinj  tht-  k»w  iir^-ssure  cvlinder. 
...  ^  A  . 

w:iv  !-.  the   under  side  *»f  thCi 

:.'  x:  •-5-  wn  strike   it   i>  allowed 

;•  r:  /'.     Ir.   th:>  wav  the  lowest 

.  •'"-•-■  th'T  :'"«'.ve>t  i»rr->>inre  pi^^.^D. 


•  •^.   ^' 


i'>:   :. 


L*::.-. 


.V. . .. 


.  I 


^ 


•    s 


.::  -,--Vv:::r:>  ..n  the  onink  I'ln. 
::.-.  .:i --"/.:>.  :r!i''v  -.r.ir^-v  :«i>r<:il  on  their 
rr  i- ^-  '•*-o.  14:>:v>  s-juare  inchesL 
'.  ">    =.r\   r.  •  ■  *. .  2CT-:r>i  ir.  :hv  T;sual  sen*. 


^- ".rT    VT- :   :h-   friction  of  the 
:.    :.  :.  >  .  ".v  i-r-.  s.<'.;ro  f»i^K'ii. 


1^ 


-->   Tr   :"l:r\.:or.  CxiA  i:  ^.i> 
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■  thm;  line  WIUuiK  comiwutiil  I'lgiiiit'.  Tin- iliiTlilr  lii';il  tliniltli:  Tnlru  I' (ri'iriitiilcd  l>v  llif  gi>vcnir>r 
IbBiluft)  ■dmlla  •lemi  lo  >]l  Ilin-c  ttuitllH.-- lit »' >.    »  tlic  )il|ili|<ninnin.-,  nwl  MlH-l.-«']>n«Min,  nwl  J) 

lOLlrrTuhl^ii  rlitrai  wa  liirldly  c^>nii«'ti.il  liytuUimru  tniiik.  uul  wiiHi  iimiiTmiik  llinHwbs>UTld0l 

{■  tD  tht  tii)>aiit  j<  and  Ai  liilvlhr.-  K]m<-L-  BlaiTt  ptilmi  ii.  alul  cxhiiiiKtx  fnnu  lfifii«)ucE  Into  tlienpuu 
Pnnthta  In  the  lUnc  way  nvKI  olmlu-  It  If  iuliiiltti.il  nlnnv  liii>ti.|i  fi.  flml  cxb.iiiKlii  lul"  the  xpui.' 
hIcllt'llHCllaiutcluinticT.  'niiin|aHii)iinri;  /<  i>  Bllwl  wllhnlr  tu  hrr» u n laiffcrnr ciiiililoii  (An. 
If^at  will  do  nil  In  nuke  n  iHlvr  iu»l<r1  to  hv  Ih.i*  tho  [iMkii  Taltn  adnll,  tnit  off  iiii<l  tvlcue, 
UHlrinntlaa  rtlatlMty  to  tLc  tnitik,    Tliv  t;i]ti:  ti>I  !■  >lwiiy>  lii  ii>iii]irmitun  hm-uiiK  of  ibe^tom 

T»i«  WUIuu'trll.le  ei.ginc  hai^omMar  f1-[.  ii  t!i^w«i,  jlnii.1  11  ni»l  .■."iniii-«dl.'iK  v^lvi--. 
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this  that  induced  him  to  adopt  the  plan  used  by  Watt  in  his 
engine  of  not  allowing  the  space  on  the  working  side  of  th* 
to  communicate  directly  with  the  condenser.     He^  attributes  i 
the  economy  of  his  engines  to  this  method  of  diminishing  the  t 
ture  range.     I  attribute  most  of  it  to  automatic  drainage. 

A  common  error  in  the  measurement  of  total  water  sup 
an  engine  is  due  to  inaccuracy  in  measuring  the  water  lev€ 
boiler.  The  engine  of  Mr.  Willans  lent  itself  to  great  acci 
measuring  the  total  water,  by  measuring  what  left  the  hot  W4 
was  of  opinion  that  there  was  never  more  than  1}  per  cent.  < 
present  in  the  steam  supplied,  as  he  used  a  separator. 

The  following  numbers  have  been  taken  from  Mr.  Willans 
Proc,  L  C.  £,y  1893.  I  have  worried  over  them  for  years,  ti 
understand  their  seeming  inconsistencies  with  one  another,  soi 
thinking  these  inconsistencies  due  to  errors  of  experiment ;  b 
every  one  of  my  failures  I  have  felt  that  some  ingenious  stud 
be  able  to  make  a  better  use  of  them  than  I  have.  I  ( 
following  for  what  it  is  worth ;  it  is  not  good,  but  I  think  tl 
better  than  anything  that  has  been  published. 

The  student  ought  for  each  set  of  tests  where  r  is  kep 
constant,  to  plot  W  and  /  on  squared  paper,  and  see  if  he 
the  linear  laws  connecting  W  and  /  which  I  give  in  Art.  148 
pounds  of  steam  per  hour,  and  /  is  the  indicated  horse-powei 

Willans*  Sinole  Cylinder  Condensing  Trials. 


Pi 

*• 

n 

y 

y  ^^Pi»  ' 

W 

r      07 

54-91 

2-5.S8 

381-5 

-192 

15-12 

811-80 

47-58 

2-57 

380-9 

-205 

14-77 

686-1 

37-80 

2-62 

381-0 

•267 

16-69 

583-6 

'28-93 

2-65 

382-1 

-310 

16-71 

465-26 

20-73 

2-68 

384-9 

-326 

14-70 

345-4 

16-08 

2  53 

378-2 

-305 

16-35 

266-22 

7412 

4-04 

383 

-336 

16-94 

736-5 

64-37 

4-04 

382 

-379 

17-79 

676-3 

5519 

401 

379-5 

•382 

16  69 

596 

37-94 

410 

378-3 

-488 

17-20 

440*4       • 

20-65 

4-31 

381-6 

-645 

15-86 

2691 

16-58 

4-31 

379-8 

•632 

13  89 

206-1 

n  the  fol 

1 

lowing  tests 

the  steam 

was  super- 

■ 

hea  ted. 

59-24 

2-44 

383-7 

•190 

^1^1^ 

831-9 

40  27 

2-58 

377-6 

-315 

566-7 

28-80 

2-6:^ 

384-6 

•2.39 

j      447-6 

21  -.37 

2-64 

.384  0 
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We  see,  therefore,  that  in  the  Willans'  single  cylinder  condensing 
tiiftb  we  may  fiurly  say  that 

y  =  16  —^ 

>r,  if  the  d  law  is  true, 

^  217  {r  -  0;7 ) 

d^JPiU 

inperheating  produced  no  marked  improvement  at  the  higher  pres- 
lores,  but  there  is  a  marked  improvement  at  the  lower  pressures. 
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r 
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y 

5*68 

402-16 

0119 

5-77 

406-27 

0118 

5-e2 

401-17 

0-098 

5-69 

404-44 

0-132 

6-12 

398-9 

0130 

5-74 

311*14 

0117 

5-74 

310-99 

0118 

5-77 

301-46 

0139 

5-72 

301-98 

0130 

5-84 

300-06 

0199 

5-66 

203^ 

0136 

5-S9 

197*96 

0-218 

5-73 

2030 

0-219 

6-23 

196-49 

0-343 

5-54 

114-6 

0-230 

5-86 

116-07 

0-264 

5-87 

112  54 

0-474 
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671-44 

564-2 

443*22 

33613 

219-1 

504-69 

433-10 

344-5 

259-5 

167-1 

340  01 
252  06 
188-9 
125-36 

178-2 

133-56 

78-3 


4014 
33-25 
25-61 
18*69 
10-81 

30-99 
25-69 
19-52 
14-01 
7-61 

19-93 

13-30 

9-42 

5-26 

9-04 
6-66 
2-9 
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16-72 
16-97 
17-30 
17-98 

20-27 

16-28 
1685 
17-64 
18-52 
21-96 

17-06 
18-95 
-20  05 
-23  83 

19-71 
20-05 
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6-2 
7-0 
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7-1 
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7  4 
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81 
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9-1 
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10-1 


WlLLAXS'  Ck>NDENSlNG   TaBLE   III.      CoMPOrND  SERIES. 


J^-71 

^-16 
«)-41 


Ub12 
U6« 


11-18 
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11-04 

U-14 

1078 

10-59 


H 


396-7 

399-02 

402-40 

395-56 

394-23 

295-28 

198-6 

118-08 


0-347 
0-294 
0-285 
0-473 
0-397 

0-391 

0-449 

0-5-27 


W 


\ 


492-12 
411-47 
349-73 
212*60 
216-50 


335-84         22^ 


243-86 
152-43 


U-76 

8*84 


I 


3319 

14-82 

27-11 

15-18 

22-09 

15*83 

11-66 

18-23 

11  86 

18-25 

15-22 
16-52 
17*23 


1/  \'PjM 
r-2-75 

10-2 
8-3 
t  t 
7^ 
7  4 

9-4 

9-0 

9-1 
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WiLLANS'   CONDENSINCJ   TaBLE  III.       Ck)MPOCND  SERIES  {coiltinued). 


Pi 

r 

1581 
15-82 
17-50 

n 

40215 

398-1 

406-7 

y 

0-446 
0-454 
0-665 

W 

I 

W 
I 

--2-75 

168-07 

132-82 

82-56 

392-10 
323-48 
227-28 

27-5 

21*59 

1318 

14-26 
14-98 
17-24 

8-9 
8-0 

8-5 

161*31 
8613 

1607 
15-74 

303-94 
300-2 

0-667 
0-622 

302-34 
188-60 

19-89 
10-62 

15-20 
17-75 

94 

7-8 

157-91 
73-43 

16-05 
17-04 

2a3-26 
198-97 

0-736 
1-068 

226*04 
12910 

13-46 
6-00 

16-79 
2152 

9-9 
91) 

172-56 
111-03 

2018 
20-24 

4041 
396-02 

0-600 
0-649 

366-07 
249-4 

24-87 
16-03 

14-72 
15-51 

9-1 

78 

I  can  make  nothing  better  of  the  compound  trials  (condenADg 
of  Mr.  Willans  than  this  : — 

The  last  column  of  the  table  shows  the  values  of 

y  s/m 

r  -  2-75 

for  all  his  results  except  the  five  trials  in  which  the  value  of  r  wn 
about  57,  n  =  400  and  pj  varying  from  126  to  37,  and  it  is  evider 
that,  except  for  these  five  trials,  we  may  take 

r  —  2*75 
y  =  c  — -^=^y  where  c  =  8'20, 

A  study  of  the  numbers  will  show  that  there  can  be  no  simj 
formula  which  is  very  satisfactory. 

337.  I.  As  to  the  effect  of  the  initial  preMure,  it  is  e\ide 
that  when 


r 
r 
r 
r 


5-7,  n 

5*7,  n 

5-7,  n 

5-7,  n 


400,  y  slightly  increases  as  p^  is  less 
300,^00^^1-* 
200,  yccp^-^ 
114,  y  oc^i"* 


r 
r 
r 
r 
r 


11.  n 
16^71 
16i,  n 

16^,71 

20,    n 


400,  y  increases  as  p^  is  less 

400,  y  ccp^-^ 

300,  y  increiuses  asp^  is  less 

200,yccp^-^ 

400,  y  increases  as  p^  is  less. 
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It  is,  however,  only  where  r  =  5*7,  ^i  =  400  that  we  are  perfectly 
lertain  that  y  is  not  greatly  affected  by  the  value  of  ^j,  and,  indeed, 
hat  we  may  not  take  it  that  y  ozp^-^, 

H  As  to  ipeed.  When  r  =  5*7,  it  is  only  at  the  medium 
(Tessoies,  say  jj^  =  60  to  Pj  =  107,  that  we  find 

y  QC  n'^ 

atjjj  =5  126,  y  0C71-* . 

The  triab  for  other  values  of  r  do  not  show  such  large  dis- 
repancies  from  the  rule  we  have  given. 

I  have  not  quoted  any  of  the  numerous  other  figures  of  Mr. 

ICiUaiis,  but  it  is  to  be  understood  that  he  tries  to  trace  the  amount 

i  steam  present  at  every  stage  in  his  compound  and  triple  trials. 

I  find  that  the  following  rule  is  fairly  typical.     We  have  seen  that 

4e  water  missing  in  the  high  pressure  cylinder  when  r  was  about 

51  follows  a  rather  complicated  law. 

y      .^       .     missing  steam  in  low  pressure  cylinder     t  x?   j  .  l 
**ow  II  Vm  18  i — 71     ~    5    T  5     I  r:    i     .  A.  nnci  Dne 

^*      indicated  steam  m  low  pressure  cyhnder 

simple  rule 

^1  "  n  -f  74' 
Certainly  the  inverse  /^n  law  cannot  be  made  to  hold. 

WUlans*  Triple  Condensing  Trials. 

^8.  In  the  following  trials  there  is  not  much  variation  of  r 
*ndn.    The  rule 

*^l'  be  found  to  be  fisiirly  correct ;  or  assuming  the  untested  law  for 
^'  if  d  is  the  diameter  of  the  highest  pressure  cylinder  in  inches 

_  600  (r  -  7) 
driitjp^ 

The  most  important  thing  to  notice  is  that 

when  r  =  21*5,  and  n  =  877,  y  ccp^~^ 
when  r  =  14'2  and  n  =  801,  ^  ccp^'^ 
when  r  =  14-2  and  n  =  380  y  ccp^'^^\ 

'^t  it  is  quite  possible  that  more  observations  would  correct  the 
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apparent  want  of  consistency.     In  all  cases,  however,  y  is  great 
affected  by  the  valae  otp^. 


WiLLANS*  Ck>NDENSINO  TaBLC  IV.      TrIPLS  SbRIBH. 


1 

Pi 

177-29 

r 

i 

1              M 

379-1 

y        I 

t 

W 

/ 

t 

1 

29*46 

I 

1372 

0-145      ! 

383-60 

13-OS 

175-5 

14-01 

383-7 

0168 

380*3 

29*84 

12-7   ^ 

157-55 

13-66 

380-5 

0148 

343-4 

26*66 

12-8BK 

128-12 

1411 

383-6 

0-180 

285-56 

21*32 

13*9^ 

53-97 

14-10 

376-6 

0-269 

143-02 

9*28 

16-^^ 

51-12 

15-36 

381-4 

0-318 

131-0 

8*30 

15-3- 

175*90 

13-72 

302*4 

0-195 

297*6 

2814 

is-aH 

130-33 

14-23 

300-2 

0-241 

234-57 

16*79 

13-07 

52-66      1 

14  67 

301-9 

0-415 

113-84 

6*70 

16-90 

175-28 

21-69 

375-4 

0-344 

283*6 

22*26 

12-74 

143-8 

21-31 

i      379-5 

0-371 

239-2 

18-28 

IS-OP    i 

7412 

1 

21-17 

3759 

0-418 

139-29 

9-08 

15-31    ' 

CHAPTER  XXV. 

COMBUSTION    AND    FUEL 

89.  Engineering  is  really  the  utilisation  of  chemical  and 
leal  principles,  and  yet  many  men  think  themselves  engineers 
ave  no  clear  notions  of  these  principles  in  their  fundamental 
Such  men  are  in  truth  only  capable  of  doing  what  other  men 
bne  before ;  they  are  incapable  of  foreseeing  how  any  new  con- 
ce  will  act,  but  by  dint  of  expensive  trial  and  failure  they  some- 
urive  at  results  which  they  might  have  arrived  at  very  inexpen- 
if  they  had  been  better  educated.  This  very  general  ignorance 
mentary  scientific  principles  in  ingenious  men  has  filled  the 
on  our  subject  with  most  misleading  numbers,  arrived  at  by 
Qtific  trials.  In  other  branches  of  engineering  if  a  man  desires 
ce  a  new  departure  he  can  find  figures,  the  results  of  scientific 
Tom  which  he  can  calculate  with  some  accumcv  how  his  new 
ranee  will  act ;  in  the  subject  of  applied  heat,  the  practical 
i  given  us  in  one  book  contradict  each  other  in  the  most  ex- 
inan'  way.  In  the  most  authoritative  treatises  we  find  on  one 
hat  the  rate  at  which  heat  piisses  through  a  square  foot  of 
heating  surface  is  practically  independent  of  whether  the 
is  copper  or  iron,  and  figures  that  pretend  to  be  right  to  the 
Q  thousandth  part  are  (quoted  establishing  this  fact.  A  few 
further  on  we  find  eijually  elaborate  results  showing  that 
ennal  resistance  of  the  metal  plate  is  proportioiuil  to  its  thick- 
nd  is  ever  so  much  greater  in  iron  than  copper.  The  authors 
je  treatises  do  not  seem  for  a  moment  to  think  that  they  havc^ 
the  same  weight  to  two  contradictory  statements, 
would  be  easy  to  quote  many  examples  of  this  divorce  of  what 
irded  as  practical  ex|K»rience  from  a  knowledge  of  the  most 
itary  scientific  principles.  The  most  unsatisfactory  part  of 
sjunction  is  this,  that  although  we  are  sure  that  the  exjiensive 
ments  were  performed,  the  author  in  describing  them  has  left 
of  no  eonseciuence  the  vcr}'  facts  which  would  make  them 
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useful.  Usually,  however,  he  has  merely  paid  no  attention  to  whit 
happens  to  be  the  most  important  varying  factor  in  his  experiment, 
and  of  course  his  results  are  inconsistent  with  one  another.  All  ihii 
has  made  the  phenomena  in  boilers  seem  to  be  much  more  difficoh 
to  understand  than  they  really  are,  and  every  well-meaning  engineer 
who  gives  us  new  figures  about  heat  phenomena  from  his  own  measure- 
ment, is  only  adding  to  a  large  ari;ay  of  inconsistent  looking  (acti. 
I  am  sorry  to  say  that  half  the  writers  of  papers  published  by  even  , 
the  highest  scientific  societies  are  as  ignorant  of  elementar}*  truths. 
What  is  much  wanted  is  a  study  of  combustion  and  the  conduction 
and  other  transference  of  heat  in  their  very  simplest  forms,  in  ' 
chemical  and  physics  laboratories. 

In  this  book  I  can  only  state  principles  and  assume  tluil 
students  have  made  them  part  of  their  mental  machinery.  I  need 
hardly  say  that  it  is  impossible  to  do  this  by  academic  absorption  from 
a  book. 

240.  Chemical  symboli  have  been  cunningly  contrived  so  thai  i 
they  convey  a  vast  amount  of  information,  and  by  the  help  of  certain 
tables  which  have  been  very  carefully  prepared  they  enable  us  to  make 
exact  calculations.     To  explain  fully  what  follows  so  that  a  student  ' 
shall  not  get  misleading  notions  is  no  part  of  my  business ;  just  now 
I  look  upon  these  statements  as  mere  helps  to  the  memory. 

A  molecule  of  each  of  many  of  the  simple  gases  consists  of  two 
atoms.  An  atom  of  hydrogen  is  indicated  by  S*;  n  atoms  by  nB 
or  ffn-  An  atom  of  carbon  is  indicated  by  C,  an  atom  of  oxygen 
by  0,  and  of  nitrogen  by  N.  If  the  weight  of  the  atom  of  hydrogen 
is  taken  as  l,the  atomic  weights  are  -ff,  1 ;  C,  12  ;  (?,  16  ;  N,  14* 

The  following  are  the  symbols  of  the  gases  (one  molecule  of  each) 
with  which  we  are  most  concerned  : — JTj ;  0^ ;  ff^O,  gaseous  water  or 
steam  ;  CO,  carbon  monoxide  (commonly  called  carbonic  oxide) ;  CO^ 
carbon  dioxide  (commonly  called  carbonic  acid) ;  CJBT^,  methane 
(commonly  called  marsh  gas  or  light  hydrocarbon) ;  Cj-ff^,  ethylene 
(commonly  called  olefiant  gas,  the  best  known  heavy  hydrocarbon). 

There  are  the  same  numbers  of  molecules  of  any  gas  to  the 
cubic  foot,  and  therefore  supposing  for  convenience  we  take  JST,  as 
indicating  two  cubic  feet  of  hydrogen,  Og  indicates  two  cubic  feet 
of  oxygen,  00.^  indicates  two  cubic  feet  of  carbon  dioxide,  CO 
indicates  two  cubic  feet  of  carbon  monoxide,  H^O  indicates  two 
cubic  feet  of  gaseous  water,  &c.,  the  idea  being  that  they  are  all  in 
the  perfectly  gaseous  state  and  at  the  same  temperature  and  pressure. 
By  weight,  if  /T,  indicates  1  lb.  of  hydrogen,  JSTj  indicates  3  ll»; 
0.^    indicat(?s   :\    times    KJ    or    48    lbs.    of  oxygen;  ff^O  indicates 

'  Moreoxnctly,  //.  1  :  t\  11-92;  0.15-88;  ^,  13*M. 
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• 

2+16  or  18  lbs.  of  water  and  so  on.  It  is  evident  that  the 
mere  symbol  of  a  gas  such  as  GJS^  tells  us  its  density ;  thus  C^H^ 
has  the  same  volume  as  JET^  or  0^  or  00^  or  GO  or  Hj),  and  there- 
bre  (2  x  12)  +  (4  x  1)  or  28  lbs.  of  olefiant  gas  has  the  same 
rolnme  as  2  X  1  or  2  lbs.  of  hydrogen,  or  as  2  x  16  or  32  lbs.  of 
iXTgen  or  12  +  (2  x  16)  or  44  lbs.  of  carbon  dioxide  or  12  +  16  or 
i8  lbs.  of  carbon  monoxide  or2x  1  +  16  or  18  lbs.  of  gaseous  water. 
341.  Consider  such  an  equation  as 

5,  +  0  =  Hfi 

We  can  read  this  in  the  following  ways: 

(1)  One  molecule  of  hydrogen  combines  with  half  a  molecule^  of 
nrgen  to  form  one  molecule  of  water. 

(2)  Two  atoms  of  hydrogen  combine  with  one  atom  of  oxygen 
feo  form  one  molecule  of  water. 

(3)  Two  cubic  feet  of  hydrogen  combine  with  one  cubic  foot 
if  oxygen  to  form  two  cubic  feet  of  gaseous  water. 

(4)  2  lbs.  of  hydrogen  combine  with  16  lbs.  of  oxygen  to  form 
18  lbs.  of  water. 

I  may  add  that  the  total  amount  of  heat  derivable  from  the 
sombustion  of  1  lb.  of  hydrogen  is  62,100  Fahrenheit  (34,500  centi- 
Errsde)  pound  units  of  heat,  the  stuff  resulting  from  the  combustion 
being  reduced  to  62"*  F. ;  ordinary  differences  as  to  the  pressure 
>f  the  gases  beforehand  and  after  being  quite  insignificant.  In 
vhat  follows,  calorific  power  will  be  in  centigrade  heat  units  unless 
Fahrenheit  is  specially  mentioned.  I  have  at  some  length  dwelt 
ipoD  those  parts  of  the  signification  of  the  equation  H^-\r  0  =  HJD 
vhich  arc  interesting  to  us.  Lot  the  student  in  the  same  way  write 
wt  similar  statements  concerning  each  of  the  following. 

CH^  +  U>  =  CO.  +  2HJ0 
G^H^  +60  =  2(70.  +  2H^0 

The  following  equations  need  not  be  stated  voluuiotrically 
because  we  know  nothing  of  carbon  in  the  gaseous  state. 

6'  +  0  =  CO 
C+  20=C0.^ 

343.  If  a  pound  of  hydrogen  is  already  in  combination  with 
cvboD,  and  the  hydrocarbon  is  burnt  in  air  wo  assume  that  the 
energy  required  to  decompose  it  is  too  small  to  be  worth  troubling 

•  To  speak  of  half  a  molecule  is  a  little  alwurtl,  but  here  it  naves  trouble.     The 
Kailait  mAy  if  he  pleanoH  flouMe  everything  in  the  formula  and  in  these  four  state- 

feentt. 

n  D  2 
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about.  This  is  partly  because  we  do  not  know  the  amount «  but 
also  because  we  know  that  it  cannot  be  great. 

The  presence  of  hydrogen  in  a  fuel  is  conducive  to  rapid  ignition ; 
the  hydrocarbons  volatilise  below  redness  and  ignite,  heating  the  res*, 
leaving  the  fixed  carbon  porous.  This  is  why  wood,  peat,  and  some 
kinds  of  brown  and  gas  coals  flame  so  much.  When  there  is  little 
hydrogen,  we  get  flame  by  using  insufficient  air  so  that  only  carbob 
monoxide  is  produced,  and  this  with  more  air  gives  flame.  Stetn^ 
conduces  to  flame  pro<luction. 

243.  Again,  when  a  pound  of  carbon^  S2iy  charcoal,  is  comploteijr 
burnt,  the  heat  of  combination  must  be  somewhat  different  from  whife 
it  is  if  the  carbon  is  part  of  a  hydrocarbon.  We  assume  it  to  be  th» 
same  (8,040  units)  because  we  do  not  know  any  better.  It  is  nrgA 
by  some  eminent  persons  that  as  the  combination  of  1  lb.,  of  C  witk 

0  to  form  GO  gives  2,470  units  of  heat,  and  the  further  combination 
of  the  so  produced  CO  with  0  to  form  00^  gives  5,600  units  of  hetX^ 
the  difference  between  these  numbers  represents  the  latent  heat  of 
gaseous  carbon.  It  is  a  most  unscientific  statement,  as  the  two  caset- 
of  combination  of  C  with  0  have  about  as  much  to  do  with  our 
another  as  Tent(»nlen  steeple  and  the  Goodwin  Sands. 

In  a  fuel  we  distinguish  between  that  i)ortion  of  the  carbon  whick 
is  called  *  fixed  '  (which  would  be  left  jis  charcoal  or  coke  after  destru^ 
tive  distillation)  and    that  which  is  volatile  (being  combined  with 
hydrogen  as  a  hydrocarlxm  like  marsh  or  olefiantgas).     Fixed  carbo* 
needs  to  bo  scrubbiMl  with  air  jis  it  burns.     A  hvdrocarbon,  if  mixed 
at  a  high  enough  tempemture  with  a  sufficient  quantity  of  air,  burnP 
completely  into  CO.,  an<l  JJJ)  with  a  blue  flame.     But  if  the  hydro- 
carbon  not  mixed  with  air  is  at  a  high  temperature*  and  is  suddenly 
cooK»d,  it   becomes   decompos<Hl    j)artly  into  marsh  gas  and  portlr 
free  hydrogen,  and  much  of  the  carbim  se|>jirates  out  as  solid  particle* 
which  w(^  call  smoke  or  soot.     If,  h<»wever,  there  is  sufficient  air  in 
the  atmosphere  eont^iiniiig  this  smoke,  and   it  is  heate<l  to  a  high 
enough  temperature,  the  carbon  becomes  consumed  forming  reddisli 
vellow  or  white  flame. 

The  burning  of  carbon  seems  to  be  always  complete  at  first,  that 
is,  some  of  the  C  becomes  CO^.  If,  however,  this  CO^  comes  in 
eontiict  with  white-hot  solid  carbon,  it  seems  to  dissolve  the  solid  and 
breomr  carbon  monoxide,  and  if  th(»  process  stops  hen*  there  is  great 
waste  of  furl.  The  pn'st'uei*  of  nuusture  conduces  to  this  action. 
It  is  for  this  reitson  that  when  l)oiler  fin^s  are  thick  it  is  necessaij' 
to  admit  air  ftboce  the  fire  as  well  as  below. 

Q44,  ExEKcisE  1.  Olefiantgas  hm  the  composition  C^i',  in 

1  II).  (»f  it,  how  much  carbon  and  how  nmch  hydrogen  are  there? 
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A  nswer.  2  x  12  or  24  lbs.  of  C  +  4  lbs.  of  H  are  in  28  lbs.  of  C^H^. 

Hence  f  lb.  of  C  +  |  lb.  of  JET  are  in  1  lb.  of  C^H^. 

Exercise  2.  What  is  the  calorific  power  of  1  lb.  of  CoS"^  ? 

Ansfcer.  ^  x  8,040  +  |  X  34,500  =  11,820  units. 

The  experimentally  determined  number  is  11,060. 

Experimentally  determined,  the  heat  of  combustion  of  1  lb.  of 
oil  of  turpentine  is  10,850 ;  wood  charcoal  8,090 ;  gas  coke  8,050 ; 
jnphite  7,780 ;  sulphur  2,250. 

For  the  following  I  have  taken  in  each  case  the  means  of  four 
cweful  calorimetric  measurements  of  1  lb.  of  each ; — carbon  mon- 
iride 2,425,marsh gas  13,240, olefiant  gas  ll,960,benzene  6^^0,10,100. 

945.  To  recapitulate  a  little.     We  see  then  that  in  considering 
Jie  combustion  of  a  fuel,  1  lb.  of  hydrogen  needs  8  lbs.  of  oxygen, 
md  forms  9  lbs.  of  water.     The  total  heat  available  is  62,100  Fahren- 
leit  or  34,500  Centigrade  units  of  heat.    And  whon  we  stiite  calorific 
lower  it   is   preferable   not   to   deduct   the   latent   heat  of  water. 
[f  the  water  goes   oft*   uncondensed    as    it    usually   does    in    our 
ngines,   we    may   roughly   siiy    that    the    total    heat   available    is 
H.100  -  966  X  9  units  or  53,400  Fahrenheit  or  29,800  Centigrade 
inittf.  One  pound  of  cjirbon  needs  267  lbs.  oxygen,  and  fonns3()7  lbs. 
rf carbonic  acid  (called  by  the  chemist,  carbon  dioxi<le).     The  heat 
twlable  is  8,040  Centigrade  units.     In  this  case  the  combustion  is 
■id  to  be  complete.     But  1  lb.  of  carbon  may  unite  with  1*33  lb.  of 
«ygen  to  form  3*33  lbs.  of  carbonic  oxide  (called  by  the  chemist, 
vbon  monoxide).     Thv  heat  available  is  2,470  units  and  the  com- 
Nistion  is  incomplete.     The  combustion  may  or  may  not  be  after- 
firds  completed.     One  |x:)und  of  i»xygen  is  contained  in  435  lbs.  of 
if;  hence,  knowing  how  much   oxygen    is  nrcdt'd   we    know  the 
iDount  of  air  neecled.      When  wi»  know  the  chemical  composition 
fa  fuel  we  can  tell  the  weight  of  oxygen,  and  therefore  the  weight 
f  iJr  needed  for  c<miplete  combustion,  ainl  we  ran  roughly  deter- 
line  the  amount  of  heat  available  if  we  ealeulat«»  nuTelv  fnnn  the 
irbon  and  hydrogen  which  an*  containiMl  in  the  fui*l.     Studt*nts  who 
Dow  a  little  chemistry  are  aware  that  thrn*  is  no  ruh*  for  making 
lis  calculation  of  the  calorific  power  which  is  not  likely  to  be  in 
Tt>r  as  much  as,  if  not  more,  than  5  per  cent.     There  is  no  handy 
$trument  which  will  enable   the  calorific  |H)wer   to   be   measured 
th  greater  accuracy  than  this.     It  is  a  regular  laboratory  exercise 
th  my  students  to  measure  it  with  a  handy  instrument,  and  it  is 
instructive  les^wm  to  show  them  thi'  inct»rrevtness  t»f  the  methi>d. 
iless,  therefore,  we   take  a  very  troublesome  met  hi  m  I  of  me^Lsu  re- 
nt, we  cannot  do  better   than  to  calculate   from    the  chemical 
npoHition.     Students  ought  to  calculate  the  caKirific  |Kiwer  and 


406 


THE   STEAM    ENGINE 


the  air  required  for  the  combustion  of  some  of  the  fuels  oJ 
following  tables  in  this  way.  They  may,  later,  use  the  formula 
follows. 

Example.  One  pound  of  each  of  the  following  fuels  contains 
following  fractions  of  1  lb.  of  carbon  and  hydrogen.  Find 
weights  of  oxygen  required  for  complete  combustion.  As  the: 
only  -23  lb.  of  oxygen  in  1  lb.  of  air,  we  must  divide  by  '23  to 
the  weights  of  air  required.  From  1 J  to  twice  this  amount  of  f 
usually  admitted  to  a  boiler  furnace. 


1  lb.  of  Fuel. 


Dried  wood 

Brown  coal 

Bituminous  coal 

,  Average  British  coal   . 

Welsh  steam  coal  (average) 

Anthracite 

Coke 

Petroleum      

Coal  gas 

MN-r^        


lb.  of 
Carbon. 


0-40 

•55 

•70 

•80 

0^84 

0-»2 

088 

085 

0-58 


lb.  of 
Hydro- 
gen 


005 
•01 
•05 
•05 
•05 
•03 


0 


•15 
•23 


lb.  of 

lb.  of 

Heat 

ITI 

Oxyffou 
needed.  ' 

Air 
needed. 

de- 
▼eloped. 

•1 

1-467 

6-38 

494l*di*» 

1-547 

6726 

4767  - 

8* 

2-287 

986 

7363  - 

13 

25.34 

11-02 

8157- 

15 

2-64 

11-48 

8479- 

15 

2-69 

11-71 

8432- 

15 

2-347 

10-21 

7075- 

13 

3-467 

15-08 

12010  .. 

22 

3-387 

1308 

12600  M 

24 

Example.  One  cubic  foot  of  each  of  the  following  gaseous 
contains  the  following  fractions  of  a  cubic  foot  of  the  gases  st< 
Find  the  cubic  feet  of  oxygen  required  for  complete  combus 
There  is  208  of  a  cubic  foot  of  oxygen  in  one  cubic  foot  of 
therefore  divide  by  '208  to  find  the  cubic  feet  of  air  needec 
complete  combustion. 


One  cubic  foot  of 


Average  coal  gas  . 

Lfjn<lon 

Scotch 

Mi<llan(l 


M 


Dowson  gaH 


»» 


(ienerator  gas    .    .    . 
SicMiieiiH  gaH    .    .    .    . 

Water  gas 

(Generator  water  gas 


•47 
•506 
•36 
•416 


•187 
•265 


0 


Hydro-     Carbonic      Mamh 
gen.      ,    Oxido.  (iati. 


•09 
•039 
•068 
•044 


•251 
•182 


•34 
•37 
•42 
•41 


•003 
■005 


Heavy      Carbonic 
Hydro.    ^^^^Id, 
arbonii.    Nitrogen, 
Ac. 


•05 
•055 
•15 
•075 


•003 
•005 


•34 

0 

0 

06 

•20 

•01 

1 

50 

•50 

0 

'  0 

12 

•38 

0 

1  0 

•01 


•05 
•054 
•a36 
•072 


-556 
-423 


5-3 
5-41 
5*56 
5-27 


5 
5 
7 
6 


1-24        1 
1-34    !    I 


-66 

I 

-72 

1 

2-7 

•50 

1 
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246.  It  is  customaiy  to  calculate  calorific  powers  of  fliels 
by  the  following  formulae  which  ought  to  be  known  to  students. 

When  a  fuel  contains  hydrogen  and  oxygen  in  the  proper  pro- 
portion to  form  water,  it  is  assumed  that  they  may  be  left  out  of 
(he  calculation  of  the  calorific  power.  Their  effect  is  only  to  form 
moke  more  easily.     We  have  therefore  the  following  rule : — 

Suppose  that  e,  h  and  o  are  the  weights  of  carbon,  hydrogen  and 

oxygen  in  a  fuel.     Subtract  ^  from  A,  and  call  the  remainder  the 

o 

naUable  hydrogen.  Consider  1  lb.  of  hydrogen  to  have  4*28  times 
the  calorific  power  of  carbon,  and  thus  our  pound  of  fuel  has  the 
ame  calorific  power  as 

-   -/-    '     _  C.+ 4-28(;L  -  I) 

pounds  of  carbon.  That  is,  if  h^  is  the  heat  per  pound  of  fuel  and 
if  f  is  its  evaporative  power  (being  h^  divided  by  latent  heat  of 
rteam  at  100**  C),  then 

;        -'ai=  14,500{c  + 4-28 (a  -  I)  lin  Fahrenheit  units 

-  A*  =  8,05o|  c  +  4-2s{h  -  ^\  [in  Centigrade  units 

JP  =  15-!  e  +  4*28 (a  —  ^)  [in  evaporation  units 

Students  will  calculate  ?v^  and  £  for  each  of  the  fuels  of  Art. 
256.  I  am  sorry  to  say  that  this  formula,  long  accepted  as  giving  a 
kir  agreement  with  calorimetric  tests,  ought  to  have  5  per  cent. 
idded  to  its  value.  It  has  been  found  to  give  from  1*5  to  10*6  per 
ent.  too  low  a  value.  A  formula  now  getting  into  use  which  is 
BypiMtd  to  b«  more  correct  is 

A*  =  8,140  c  -h  :U,500  A  -  3,000  {o  -h  n) 

rhere  n  is  the  weight  of  nitrogen  present  in  a  pound  of  fuel. 

In  the  table  the  heat  due  to  the  fixed  carbon  is  obtained  by 
■aming  that  nothing  is  burnt  except  that  part  of  the  carbon 
rhich  is  fixed ;  the  rest  going  off  unconsume<l. 

947.  The  student  will  now  work  the  following  easy  algebraic 
lerauies.     A  pound  of  fuel  contains  e  lb.  of  carbon,  A  lb.  of  hydro- 

,  o  lb.  of  oxygen,  show  that  roughly ;— 
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1.  The  pounds  of  ^r  needed  for  complete  combustion 

A  =  11-6  c  + 34-8  A 

2.  The  products  of  combustion  are 

3§  c  lbs.  of  carbon  dioxide 
9  h  lbs.  of  steam 

8-9  c  +  26-8  h  lbs.  of  nitrogen. 

Work  now  the  following  numerical  exercises  on  the  above. 

3.  Taking  average  coal  c  =  08,  h  =  005,  o  =  008 
Calculate  JS,  A,  and  the  products. 

Answer.  ;i4-57  :  1102 ;  21)33  lbs.  of  CO,,  0*45  lb.  of  H,0.€ 
ofN.  "' 

'4.  ^y  Art.  189  find  the  specific  heat  of  the  product 
average   coal ;  given   the   following  specific  heats :   carbon 
•216,  nitrogen  •244^steam  '475. 

Armver.   2933  x   216  +  0*45  x  '475  +  8*49  X  -244 

"2-933  +  0-450  -h  8490 

_  -634 +-213  4- 2:^1  _ 

11-873  -"^*o 

5.  The  specific  heat  of  air  is  '238 ;  if,  in  addition  to  eve 
of  necessary  air,  we  admit  a  lb.,  what  is  the  specific  heat 
products?  Answer.— (;2A^  X  11  873  -h  1102<?  x  0*238) -h 
+  1102a)  =  -238  (1113  -h  «)/(I077  -h  al 

6.  Find  the  (piantitios  and  specific  heats  of  the  product 
30,  70  or  100  per  cent,  excess  air  is  admitted  in  the  bui 
average  coal. 

Aiunver.  15'2  lbs.  of  specific  heat  0*244,  196  lbs.  of  spec 
-243,  22*9  lbs.  of  specific  heat  '242. 

In   each   case  part  of  the  total  amount  of  products  is 
of  steam. 

7.  In  cases  where  the  products  are  1 2, 15,  20  and  23  lbs.  pc 
of  fuel  ;  taking  the  specific  heat  as  *  243  in  every  case,  wha 
necessary  loss  of  evaporative  power  in  the  following  cas 
outside  atmosphere  is  at  ()2  F.  The  boiler  water  is  at 
322  F.,  382°  F..  402  F.  Am.  If  6"  F.  is  the  temperatun 
boiler,   and  //'  the  weight  of  products,  0*243   iv  (0  —  62)  -• 
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tke  eraporation   which  cannot    be    utilised ;    the   answera  are   as 

fjllow  :^ 


Wtiichtiiof 

12 
1.5 
2r» 
•23 

Neceanary  dimiimtion  of  evaporative  power  for  the  following 
TemperaturcM  i»f  Water  in  Boiler. 

•212*  F.,  or 
1.1  lbs.  prcfMurc. 

•453 
•566 
•755 
•867 

822*  F.,  or 
1>8  lbs.  presHuro. 

•785 

•984 
1-31 
1-41 

S82'  F.,  or 
200  lh«.  pruHfiiiro. 

1 

1       402*  F..  or 
250  lbs.  pressure. 

•9iV) 
119 
1-59 
1  -83 

1 

1 03 
1  -27 
17 
1  Ji') 

8.  One  pound  of  the  fuel  of  Ex.  4  produces  0*45  lb.  of  steam  ;  the 

nygnjscopic  water  being  005  lb.,  we  have  0*5  lb.,  whose  total  heat 

*^  in  &Uing  from  the  temperature  of  the  boiler  water  to  62°  F. 

*^t  also  to  be  deducted.     We  have  alre«adv  considered  this  loss  if 

't  were  merely  steam  vapour.     But  it  loses  latent  heat  906  unit?  per 

lb.,  and  if  cooled  to  62°  F.,  would  cool  as  water  and  not  as  steam  gas. 

Hence  966  +  (212  -  62)  x  (1  -  0-475)  or,  1,045  is  the  extra  heat 

pw  pound,  or  522  -r  966,  or  0*54  is  the  loss  of  evapomtive  power 

'I'le  to  this  cause. 

i  The  coal  of  Ex.  4  is  burnt  in  a  boiler  whoso  water  is  at 
^22*  F.  (93  lbs.  pressure) ;  70  per  cent,  excess  air  is  admitted,  what 
«  the  available  evaporative  power?  Aim,  14-57  from  Ex.  (3) 
ninus  1*3  from  Ex.  (7)  minus  0*54  from  Ex.  (8)  gives  us  1273  lbs.  of 
'Iter  evaporated  as  from  and  at  212'  F.  ])or  pound  of  fuel. 

10.  If  the  feed  water  of  the  boiler  is  supplied  at  62°  F.,  and 
^poratod  at  322""'  F.  (or  93  lbs.  per  stpiare  inch),  and  if  the  steam 
saving  the  boiler  is  (1)  dry  steam,  (2)  has  5  per  cent,  of  wetness, 
dial  is  the  greatest  |K)s.sible  amount  pnxlucible  per  pound  of  fuel 
(  Ex.  9  ?  This  exercise  is  in  natural  .sequence  with  the  others, 
nd  so  I  do  not  like  to  remove  it  to  Art.  248. 

Ans.  (1)  1  lb.  of  water  from  02'  F,  to  322'  F.  needs  200  units  of 
«at:  1  lb.  of  this  kind  of  steam  needs  the  latent  heat  887.  Total, 
,147  units.  (2)  1  lb.  <»f  water  from  02  F.  to  322'  F.  needs  260 
nits  of  heat;  0*95  lb.  of  this  kind  of  steam  needs  the  latent  heat 
W  X  0-95  or  843  units:  total,  1,103  units.     Hence  the  standanl 

^  ^-  i»   I     n       •  •       1       .  9()()      ,,  ,  9()0     ,, 

t^poration  of  1  lb.  is  e<|uivalent  to    .,  .^  lbs.  drv  or  ,,,, ^  lbs.  wet. 
■^  *  114/  '        1103 

r  1273  of  standard  evapomtion  is  ecpiivalent  to  10*72  lbs.  of  this  dry 

earn,  or  ll'lo  lbs.  of  this  W(*t  steam. 

11.  The  hydrocarbons  of  the  al>ove  (Ex,  4)  average  coal,  e.scape 
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unbumt ;  the  fixed  carbon  is  only  0*57  lb.  per  pound  of  fuel ;  there  i 
no  moisture  present ;  the  products  of  combustion  are  23  lbs.  pe 
pound  of  fuel,  specific  heat  0*24,  water  in  boiler  322°  F.  What  i 
the  available  evaporative  power  of  the  fuel  (assuming  flues  h 
perfect  that  the  gases  are  reduced  to  the  temperature  of  th 
water)  ? 

What  is  it  if  it  is  arranged  that  the  gases  must  not  enter  th 
chimney  at  a  lower  temperature  than  580°  F.  ? 

The  feed  water  being  at  62"*  F.,  convert  the  last  answer  int 
actual  evaporation  of  dry  steam,  assuming  that  10  per  cent,  of  tfc 
heat  is  lost  by  radiation  from  the  boiler  itself. 

12.  One  pound  of  average  coke  contains  15  per  cent,  moistnr 
and  80  per  cent,  carbon,  the  rest  being  ash  and  a  trace  of  sulphur. 

What  is  its  evaporative  power  and  the  amount  of  air  needed  fo 
complete  combustion?  Arts.  15  x  8  or  12  lbs.  of  evaporation 
11-6  X  -8  or  9  3  lbs  of  air. 

13.  For  the  coke  of  last  exercise.  If  70  per  cent,  excess  of  air  i 
admitted  at  62**  F.,  and  if  the  temperature  of  the  water  in  a  boik 
is  320"*  F. ;  the  products  of  combustion  having  a  specific  heat  O*?* 
what  is  the  really  available  evaporative  power  ?  Ana.  The  quantit 
of  products  is  (9*3  +  1)  1*70  or  17*51  lbs.  ;  the  heat  lost  because  th 
can  cool  only  to  320"  F.  is  (320  -  62)  024  x  17*51  =  1,085  unit 
Also  the  latent  heat  of  15  lb.  of  moisture  is  966  X  "15  « 
135  units.  Our  calculation  is  only  roughly  correct  because  tl 
moisture  wastes  more  heat  than  this.  Taking  this  as  sufficient 
correct,  the  unavoidable  waste  is  1,085  -h  135  or  1,215  units,  ar 
this  divided  by  966  is  1*26  lb.  of  evaporation.  Hence  the  availab 
evaporation  is  only  10*7  lbs. 

It  is  usual  to  speak  of  12  lbs.,  or  150  cubic  feet  of  air,  > 
being  necessary  for  the  complete  combustion  of  1  lb.  of  coal,  ar 
to  be  quite  certain  of  there  being  enough  we  must  admit  nioi 
than  enough. 

When  the  fuel  is  not  thick  on  the  grate  as  in  Cornish  ai 
Lancivshire  boilei-s,  with  a  chimney  to  produce  the  draught,  it 
ditKcult  to  distribute  the  air  properly  and  so  to  be  sure  that  eac 
piece  of  coal  has  enough  air  to  scrub  it,  we  admit,  on  the  whol 
about  24  lbs.  of  air  per  pound  of  fuel.  When  the  fires  are  thick  ai 
there  is  forced  <lraught  we  admit  as  little  as  18  lbs.,  or  even  k 
air  per  pound  of  fuel,  getting  very  complete  combustion. 

This  is  due  to  the  fact  that  in  thick  tires  the  CO,  formed  belo 
dissolves  the  carbon  higher  in  the  fire  forming  CO,  which  is  bur 
above  the  fire. 
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The  student  will  see  from  exercises  like  the  above  that  when 
ft  pound  of  coal  is  burnt  we  have  louet  of  evaporative  power 
something  like  the  following.  First,  losses  due  to  hot  gases 
Mcaping — 

25  per  cent,  with  chimney  draught. 
20  per  cent,  with  forced  draught. 

Second,  about  2|  per  cent,  because  of  hot  ashes  and  unbumt 
solid  fuel  in  the  ashes. 

Third,  18  per  cent,  when  there  is  decently  good  firing  but  no 
coDtrivance  for  controlling  the  air  admission.  This  assumes  the 
hydrogen  to  go  off  unbumt. 

Fourth,  9  to  18  per  cent,  more  when  there  is  also  bad  firing,  so 
that  not  only  does  the  hydrogen  go  off  unbumt,  but  all  the  carbon 
of  the  hydrocarbon  part  goes  off  unbumt. 

Fifth,  5  per  cent,  due  to  radiation  of  heat  from  a  well  covered 
boiler. 

The  student  may  add  up  these  losses  as  he  pleases.  He  may  add 
farther  loss  due  to  keeping  the  furnace  door  open  unnecessarily. 
Al«a,  if  the  boiler  is  not  well  covered  with  non-conducting  material 
there  is  further  loss. 

948.  How  much  iteam  it  produced  per  pound  of  coal  ? 
When  there  is  no  priming  [that  is  when  there  is  no  water  carried 
off  with  the  steam]  1  lb.  of  water  needs,  to.  con  vert  it  into  steam 
rfthe  following  kinds,  the  following  amounts  of  heat : — 


I  T  t:  1  1     It  nor  1*«»uih1h  »if  Ntuaiii 

Tenipeimturc  of  .     Abnolute  prcn-        A"^  .!^?^J  4/  c«»m'!«iK»iidinK  to    Euuivalciit  of  1  lb. 

the  Mteam.  nuro  lu  Ihd.  iwr       r-  .21,  r  4-  -t  **'*-'  ^'*-'"^  '"  *  "*•        *"  '♦**»»«1«^  "' 

r  C.  witiare  iuch.  **'*" !;,':  p   "  *^       "f  HvcniK«  t'<«l  cTaiK.ratlon. 

■•"  *-•  »r  s.'HM)  unlU. 


130                    392r>  (S043  1407  1 

150                    6»**21  H1U3  1.3-93  1 

160                    89-8H  61.34  13*86  1 

165  101-9  614-2  13-84  1 

170  lir)-l  616-4  13-79  1 

175  129-8  617-2  13*77  1 

180  14o*8  619*5  13*73  1 

190  182*4  622.1  13*64)  1 

195  203*3  624*0  13*62  1 


127 
139 
145 
146 
iriO 
ir>2 

ir>4 

161 
164 


The  student  ought  to  calculate  the  numbers  of  Col.  8  of  the 
)ove  table  as  an  exercise.  They  are  worked  out  in  this  way : — 
egnault  found  that  to  heat  a  pound  of  water  from  0"*  0.  tod""  C.  and 
en  to  convert  it  into  steam,  required  606*5 +'3050  units  of  heat. 
e  start  at  40"*  C,  instead  of  0"*  C,  and  so  we  merely  subtract  40 


412  THE   STEAM   ENGINE'  cuft 

from  what  Regnault's  calculation  gives  na.    Thus  if  tf  is  130  as  in 
the  table— 

606-5  +  '305  X  130  -  40  »  604-S 

Now  practical  men  in  comparing  their  boilers,  sometimes  said, 
**  My  boiler  gives  8  lbs.  of  steam  per  pound  of  coal : "  another  said, 
**  My  boiler  gives  9  lbs."  and  the  comparison  might  be  very  unfiur. 
They  saw  that  they  needed  a  standard.  [The  standard  taken  is ** An 
evaporation  of  one  pound  shall  mean,  one  pound  of  water  at  100*  C^ 
converted  into  steam  at  100"*  C."  This  is  536  heat  units.  So 
students  will  please  fill  in  the  fifth  column  of  the  table,  as  an 
exercise.  J) «  ^  T3oW##*  fJsrmcTs^^^.  *  Vixfih*  U^O  in    o#f#  ksi^n  ^ 

If  they  know  the  actual  temperature  of  the  feed-water  of  a 
particular  boiler  they  ought  to  get  out  a  table  for  it  like  the 
above. 

Exercise  1.  How  much  heat  has  been  given  to  a  pound  of  feed- 
water  at  40""  C,  to  convert  it  into  what  is  f  steam  and  |  water  at 
160*  C.  ?  Anmer.  J  lb.  of  water  needed  (160  —  40)  -f  4  or  30  units, 
f  lb.  steam  needed  f  {  606*5  +  '305  x  160  -  40 }  or  462  units: 
therefore,  the  pound  of  wet  steam  needed  492  units  to  produce  it. 
Notice  that  this  is  20  per  cent,  less  than  what  is  given  in  the  table. 

Exercise  2.  When  an  engineer  says  that  his  boiler  evaporates 
10  lbs.  of  water  for  every  1  lb.  of  coal,  his  feed  being  at  20""  C,  and 
his  steam  at  11)0°  C. ;  and  another  engineer  says  that  his  boiler 
evaporates  1 1  lbs.  of  water,  his  feed  being  at  ()0°  C.  and  his  steam  at 
130°  C,  compare  the  two  numbers.  One  gets  too  much  into  the  habit 
of  thinking  that  1  lb.  of  steam  just  needs  as  much  heat  to  produce 
it  as  1  lb.  of  any  other  kind  of  steam. 

The  total  hcuit  of  1  lb.  of  steam  at  lOO'*  C.  is 

006*5  -f  -305  X  190  or  064  units.     Subtract  20  and  we  get  644. 

The  total  heat  of  1  lb.  of  steam  at  130'  C.  is  000-5  +  '305  X  130, 
or  040,  and  subtracting  00  we  find  580  units.  Hence  10  lbs.  of  the 
first  amounts  to  0,440  units,  and  1 1  lbs.  of  the  second  amounts  to  6,446 
units.  The  two  evaporations  are  then  practically  the  same.  State- 
ments then  of  amounts  of  (»vap()ratioii  are  misleading  unless  we  use 
a  standard  of  evaj)oration,  and  so  we  always  convert  any  amount  of 
eva])oration  into  an  eipiivalent  number  of  pounds  of  water  at 
lOOH'.,  converti'd  into  steam  at  100' C.  This  unit  is  of  course 
the  latent  ht*at  of  steam  per  pound,  530  heat  units. 

Exercise  3.  lOi  lbs.  of  water  heated  from  40**  C,  and  converted 
into  steam  at  180"^  C,  find  th<»  etjuivalent  standard  amount.    Ansicer. 
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be  total  heat  of  1  lb.  of  the  steam  is  6065  +  -305  x  180,  or  661-4 
nits.  Subtract  40,  multiply  by  lOJ,  and  divide  by  586,  and  we 
nd  the  answer  1 2*2  lbs. 

We  have  the  rule  "  To  find  the  total  heat  of  evaporation ; — to  536 
idd  I  for  every  degree  that  the  feed  is  below  100^  C,  and  3  for  every 
legree  that  the  steam  is  above  100**  C. 

249.  In  the  Fahrenheit  scale  calculate  the  following  numbers 
ind  keep  the  table  by  you  for  reference.  The  standard  of  evapora- 
tion is  the  heat  required  to  produce  1  lb.  of  dry  saturated  steam  at 
212'  F.  from  water  at  212°  F.,  and  is  equivalent  to  1)66  Fahrenheit 
pound  heat  units. 

From  Regnault  we  know  that  to  convert  1  lb  of  feed-water  at 
9\f.  into  steam  at  d°  F.  needs  1,081  +  '305^  -  (^o  -  •^-)  "^^i^s ;  this 
divided  by  966  will  express  the  heat  necessary  to  produce  a  pound  of 
such  steam  in  terms  of  the  standard  of  evaporation. 


Preasureof 

1 

Tempernture  ' 
of  Steam. 

rF. 

8-2°  F. 

Teinpcratiire  o 
e^'  V.         104*  F. 

f  Feed  Wat 
140   F. 

er. 

1 

Steam. 

170^  F. 

!>ir  F. 

212 

O'C. 

20'  C. 

40' C. 

tK)'  c.    ; 

SO*  C. 
1(H 

100'  C. 

14-7 

119 

115 

Ml 

108 

\'(n)    1 

28-8 

248 

1-20 

rio 

113     , 

1-09 

105 

101 

52-5 

284 

1-21 

118 

114     I 

110 

1-06 

1  02     i 

89-9 

320 

1-22 

119 

115 

Ml 

1-07 

1  -03     . 

140-8 

356 

1-23 

l-2<) 

116 

112 

1-08 

1(U 

225» 

392 

1-24 

1-21 

117 

113 

1(K) 

1-06     I 

3363 

428 

1-20 

1*22 

118 

lU 

Ml 

107     i 

t 

J 

Thus  when  we  say  that  the  standard  evaporation  of  1  lb.  of  coal 
is  10*3.  we  mean  that  1  lb.  of  coal  will  produce  10*3  -t-  120,  or  86  lbs. 
)f  steam  at  356*"  F.  from  feed- water  at  68°  F. 

250.  Exercise.  The  Nixon  s  Navigation  coal  used  by  Donkin 
Jid  Kennedy  in  their  boiler  tests  (Art.  2()1)  had  a  total  evaporative 
lower  16*47  [as  from  and  at  212"  F.],  if  measured  by  the  chemist, 
nd  needed  10*5  lbs.  of  air  for  complete  combustion.  Taking  the 
)eeific  heat  of  the  gases  as  243,  and  that  37  lb.  of  water  goes  otl' 
ith  the  gases ; — 

1.  Show  that  if  ^""o  ^-  ^'*^  ^^^  temperature  of  the  boiler-room,  and 

the   temperature  of  the  steam,  the   heat    neces.siirily   wasted^  in 

iming  this  coal  in  apei'/ect  boiler  with  just  the  right  amount  of  air 

11-5  X  •243(d-^o>  •  .• 
SB^"" ^^  evaporation  units. 

2*  Taking  the  temperature  of  the  air  in  the  lK)iU*i'-room  as  60"*  F 
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show  that  for  the  following  pressures  of  steam  in  the  boiler  we  have 
the  following  results  : — 


Absolute 
Pressure. 


14-7 

90 

50 

75 
100 
150 
200 
250 


Heat  (in  evaporative 

units)  necessarily 

going  off  in 

gases. 


•43 
•54 
•63 
•70 
•76 
•84 
•91 
•96 


Greatest  possible 

evaporation 

from  and 

at  212*  P. 


Percentaire  of 

Chemist's 
determinatkm. 


15-67 

15-56 

15-48 

15-4 

15-34 

15-26 

1519 

1513 


95 

94*5 

94 

93-5 

98 

92-5 

92-25 

92 


3.  Make  out  tables  for  1^  and  twice  the  amount  of  air  necessary 
for  complete  combustion. 


Absolute 

Evaporative  power 

in  a  perfect  Boiler  as  f 

1 
rom  and  at  212*  F.       i 

Pressure. 

Air  1.                             Air  U. 

Air  2. 

147 

1567 

15-46 

15-24 

30 

15-56 

15-29 

1502 

50 

15-48 

15-16 

14-85 

75 

154 

1505 

14-70 

100 

15-34                         14-96 

14-58 

150 

15-26 

14-84 

14*42 

'2O0 

1519 

14  73 

14-28 

250 

1513 

1465 

14-17 

It  will  be  seen  that  if  6"  F.  is  the  temperature  of  the  steam;  if 

B^'q  F.  (taken  usually  as  60°  F.)  is  the  temperature  of  the  supplied  air; 

'\i  E  is  the  evaporative  power  of  the  fuel  as  found  in  the  ftiel  tester; 

if  A   is  the  weight  of  air  supplied  per  pound  of  fuel,  if  tr  is  the 

weight  of  water  going  off,  the  true  evaporative  power  in  a  perfect 

boiler  is 

E  ^E-  w  -  ^SSC^  -  0^)(A  +  1) 

and  this  is  what  I  call  a  in  my  formula,  Art.  262. 

251.  Coal  Tester.  Some  coal  from  different  parts  of  each  sack 
bt'Uig  taken  from  many  sacks,  it  is  spread  out  evenly  on  a  clean  floor, 
and  again  and  again  sampled  from  different  parts,  till  a  small  quantity 
is  obtainc^d  whirh  may  be  regarded  Jis  an  average  sample.  It  mav  be 
t(*ste<l  chemically,*  and  the  ciilorific  power  calculated  as  in  Art.  246, 

^  ThorpcH  Dictionary  gives  the  following  a8  the  process  in  use  h^'  studentsal  th* 
H()yal  College  of  Science. 
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diay  be  burnt  with  oxygen  in  a  calorimeter,  and  the  heat  directly 
iired.  In  a  simple  form,  the  Thomson  calorimeter,  a  small 
lied  quantity  of  powdered  coal  is  placed  in  a  small  platinum 
ble  inside  a  glass  vessel,  surrounded  by  about  two  quarts  of 
r  in  another  glass  vessel ;  oxygen  is  admitted  by  a  brass  tube, 
plays  on  the  surface  of  the  coal  which  is  ignited  by  a  fuse.  The 
acts  of  combustion  which  do  not  stay  inside,  escape  by  holes  in 
bottom  of  the  vessel  and  pass  up  as  bubbles  through  the  water, 
^  broken  up  by  wire  gauze,  so  that  all  the  heat  of  combustion 
s  the  temperature  of  the  water  by  an  amount  which  may  be 
mred  with  a  thermometer.  I  have  seen  spiral  tubes  immersed 
lie  water  provided  for  the  escape  of  the  products  instead  of  by 
bling. 

[n  a  calorimeter  in  common  use  the  powdered  fuel  is  mixed  with 
ifficient  quantity  of  a  mixture  of  the  chlorate  and  nitrate  of 
issium  to  generate  enough  oxygen  for  the  combustion.  My 
lents  have  used  this  for  twenty  years,  and  they  know  quite  well 
;  the  results  of  such  a  test  are  not  particularly  valuable. 
263.  The  Oku  Teiter  of  Mr.  Dowson,  as  used  in  my 
TOtory,  bums  the  gas ;  the  hot  products  are  cooled  nearly  to  the 
perature  of  the  room  by  contact  with  metal  kept  cool  by  flowing 
er.  There  being  a  steady  state  of  flow  of  gas  and  water,  the  rate 
low  of  the  gas  is  measured  in  a  gas  meter  :  the  rate  of  flow  of  the 
er  is  occasionally  tested  by  measuring  the  time  taken  to  fill  a 
ked  vessel.  The  difference  of  teiiiiwmture  of  the  entering  and 
ing  water  (usually  about  15  or  20  centigrade  degrees)  is  measured 
two  thermometers,  and  this  enables  the  calorific  power  to  be 
talated. 

S63.  Temperature  of  Combuition.  It  is  difficult  to  know 
it  a  man  means  when  he  says  that  he  has  measured  the  tem- 
iture  of  a  flame.  No  doubt  he  may  measure  the  temperature  of 
lething  immersed  and  struck  by  the  flame.  Our  difficulties  in- 
ise  when  he  says  he  has  calculated  the  temperature  of  a  flame. 
!  ordinary  method  of  calculation  is  infantile  in  its  sim{)licity. 
Exercise  1.  Wood  charcoal  (calorific  power  8,080).  is  burnt  in 
the  right  amount  of  air  for  complete  combustion.  What  is  the 
of  temperature  i  Answer.  We  have  12*6  lbs.  of  jiroducts,  of 
rific  heat,  say  0*24,  aixl  8,080  -r  (120  x  -24)  is  2.672  degrees 
tigrade. 

I  refrain  from  giving  the  usual  exercises  by  which  the  com- 
tion  of  charcoal  in  oxygen  gives  10,18.*^  C,  or  of  hydrogen  in 
gen  6,743''  C.     Calculations  like  this  can  give  no  notion  even  of 
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the  relative  temperatures  produced  in  the  several  cases.  It  is  evideni 
that  the  existence  of  dissociation  will  not  allow  us  to  assume  a 
constant  capacity  for  heat  in  the  products  of  combustion.  Coke  ii 
a  furnace  produces  much  more  intense  heat  than  coal.  In  gla»- 
making  it  is  found  that  8  or  9  lbs.  of  coke  is  equivalent  to  12  lbs.  of 
coal  in  usefulness  from  this  cause.  When  coke  is  used  in  a  boiler 
the  fire-box  part  receives  much  more  heat  relatively  to  the  flue  part 
than  when  coal  is  used.  More  intense  heat  is  producible  by  gaseous 
fuel  than  by  solid,  mainly  because  there  need  be  no  excess  air. 

254.  Fuels.  The  numbers  of  the  following  tables  give  some 
idea  (really  a  very  rough  one  and  sometimes  misleading)  of  the  usuil 
composition  of  one  pound  of  each  of  the  fuels  by  weight.  Substances 
which  occur  in  mere  traces,  such  as  sulphur,  are  not  mentioned.  The 
oxygen  is  mainly  combined  with  an  eighth  of  its  weight  of  hydrc^D 
as  water,  and  it  would  be  worth  while  for  a  student  to  merely  give 
two  columns  of  numbers,  as  in  the  table  of  Art.  245,  one  of  carbt«i, 
the  other  to  be  headed  '*  hydrogen,"  and  to  be  really  the  hydrogeB 
of  the  table,  with  one  eighth  part  of  the  oxygen  subtracted  from  it, 
because  the  combustion  of  this  hydrogen  may  be  thought  complete 
already  in  the  fuel,  h  —  o/8  is  usually  called  the  available  kydrogtk 
I  had  carefully  prepared  a  column  showing  the  amount  of  fixed 
carbon  in  each,  but  I  have  had  to  discard  it.  It  is  interesting  to 
note  that  our  knowledge  about  the  composition  and  properties  of 
fuels  is  practically  the  same  as  what  was  available  forty  years  apx 
In  preparing  this  book  I  have  made  strenuous  etibrts  tu  increasf 
what  was  known  to  me  in  1870,  but  I  find  no  new  reliable 
information. 

255.  Dried  wood  is  nearly  all  of  much  the  same  chemical  O'lii- 
position  ;  air-dried  wood  has  usually  20  per  cent,  of  hygroscopic  wat»r. 
50  per  cent,  carbon,  6  per  cent,  hydrogen,  42  per  cent,  oxygen.  Souif 
has  very  little  ash  ;  some  from  2  to  5  per  cent.  Sometimes  cotton- 
stalks,  brushwood,  straw,  the  residue  of  sugar  cane  and  other  vege- 
table reftise  are  used  as  fuels.  Peat  is  of  very  varied  densiiv. 
It  is  woody  tissue  changed  more  or  less  by  oxidation,  CH^  and  C0» 
being  given  ofi'.  It  has  in  boilers  about  half  the  evaporative  power 
of  coal.  In  our  imperfect  calorimeter,  peat  m  its  usual  state  has  an 
evaporative  power  4*7  ;  dried  60.  The  older  peats  are  not  voj 
different  from  recent  brown  coal.  The  fuels  obtained  artificiallf 
from  wood,  charcoal,  and  liquid  and  gaseous  hydrocarbons  are  nola 

use  for  boilers. 

•     

Coal  varies  in  specific  gravity  from  1*2  to  1*8.     The  recent  ff 
young  coals,  lignite  and  brown  cokL  letaui  Bome  of  the  woody  frtm 
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tune  which  has  disappeared  in  ordinarj*  or  older  coal,  in  which 
the  elements  of  the  woody  fibre  have  escaped  as  carbon-dioxide 
oarsh  gas  and  water,  the  decomposition  being  due  not  so  much 
perhaps  to  oxygen  of  the  air  as  to  mouldering  and  internal 
action. 

The  gradual  change  from  woody  tissue  is  shown  in  the  following 
uWe  of  vaguely  correct  numbers : — 


Wood 

Pe»t       .  .  .  . 

j  Lignite    .    .   .   . 

I  Bituminous  coal 

Anthracite      .    . 


Carbou. 

Hydrt>gen. 

1 

1218 

i  )xygen. 

100 

8307 

100 

9-85        i 

55-67 

100 

8-37 

42-42 

100 

612 

21-23 

100 

2^84 

1-74 

It  is  evident  that  the  change  which  a  few  millions  of  years'  burial, 
Probably  under  great  pressure  and  some  increase  of  temperature, 
produces  in  wood,  is  to  increase  the  proportion  of  carton  and  diminish 
4at  of  oxygen ;  observe  that  the  change  is  gradual,  brown  earthy 
oal  and  lignite  being  younger  than  bituminous,  and  this  being 
sually  younger  than  anthracite. 

From  this  point  of  view  the  following  table  of  comix>sition  of 
"own  coal  is  interesting. 


Curlxm. 

n 

1 

\'drogt*u. 

NeglfctiiiK  Water  and  Anh 

Fibrous  brown  coal  .  .  . 
.    Earthy        ,,        ,,    .    .    . 

Pitch  „  ,,  ,  .  . 
(oonchoidal  in  fracture 
1  and  evidently  becoming 
»     bitmnen). 

•63 
72 

•05 
•075 

•.^2 

23 

•155 

1 

fl50.  Ugnite  bums  with  a  long,  smoky  flame;  calorific  power  4000 
6000 ;  does  not  cake.  Ordinary  coal  is  vegetation,  such  as  water- 
g;ed  drift-wood,  or  standing  trees,  which  has  been  covered  up  with 
nd  and  clay,  and  is  found  in  beds  from  \  inch  to  4  feet  thick,  these 
Doetinies  forming  much  thicker  beds,  with  thin  partings  of  sand 

clay  between.  It  is  found  in  the  most  ancient  and  most  modem 
oio^icBl  formations,  with  every  variety  of  colour  and  appearance, 
in  the  brown  Scotch  cannel  to  the  velvet  black  Xewxastle  caking 

E  E 
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coal.  With  no  lustre  as  in  some  cannels,  to  the  shining  bituniinoas 
caking  coal  and  to  the  semi-metallic  iridescent  anthracite.  There  ii 
the  softness  of  Newcastle  coal,  and  the  hardness  of  anthracite  ooil 
which  yields  no  bitumen  to  any  re-agent. 

The  carbon  varies  from  '70  to  *94  in  anthracite. 

•57  to  '84  in  cannel. 
•75  to  '83  in  splint  coal, 


If  «) 


>>  >> 


but  there  are  not  these  extremes  in  all  bituminous  coals.  £iiumimm» 
is  the  name,  not  wisely  but  well  given,  to  the  coals  whose  propertiai 
are  between  those  of  lignite  and  anthracite.  Probably  flaming  is  t 
better  title. 

The  hydrogen  varies  from  1*5  per  cent,  in  anthracite  to  9  per 
cent,  in  some  Scotch  coals.  In  fact  it  is  obvious  that  coals  are  of 
the  most  varied  chemical  constituents.  They  have  from  I  to  34  per 
cent,  of  ash.  All  yield  solid,  liquid,  and  gaseous  product&  A  shale 
has  almost  no  fixed  carbon ;  anthracites  have  much.  Ok>od  ookt 
is  only  obtained  from  caking  coals,  in  which  the  volatile  parti 
are  25  to  40  per  cent,  of  the  whole,  so  that  the  coke  is  75  to  60 
per  cent.  The  fixed  carbon  varies  from  18  to  52  per  cent  id 
caking  coals. 

Anthracites  are  almost  all  carbon,  and  have  a  short  flame,  easily 
extinguished  unless  kept  at  high  temperature  and  scrubbed  with 
air.  They  are  difficult  to  ignite.  The  specific  gravity  varies  from 
1*4  to  1*6.  Hard,  brittle,  submetallic  lustre,  conchoidal  fracture, 
smokeless  flame.  Free  burning,  bituminous  coals  have  about 
15  per  cent,  of  their  weight  of  volatile  hydrocarbons  (marsh  ga«, 
olefiant  gfts,  tar,  naphtha,  &c.);  when  heated  they  swell  and 
bocDine  porous,  so  that  air  gets  well  into  every  part.  If  dry  there  ; 
is  not  much  tendency  to  smoke.  Specific  gravity  1*25  to  1*1 
Bituminous  caking  coals  as  from  Newcastle  (usually  velvet  or 
grey-black  in  colour,  uneven  in  fracture,  soils  the  fingers,  and  fine- 
tures  in  little  cubes)  have  sometimes  as  much  as  30  per  cent,  of  v<Jt- 
tile  hydrocarbons  in  them.  They  burn  with  a  long  yellow  flame, 
.•soften  with  heat,  portions  tend  to  adhere,  and  they  do  not  become 
por(^us  when  heated,  so  that  they  give  more  trouble  in  fumaoei 
Specific  gravity  12  to  1*25.  The  bituminous  coals  have  more  calorific 
power  as  they  have  more  volatile  constituents  in  them,  but  this 
renders  it  more  difficult  to  burn  them  in  boiler  grates.  Even  with 
the  best  hand-firing  they  are  apt  to  give  rise  to  smoke  and  wot 
deposited  in  the  flues.    Welsh  coal  gives  least  trouble  to  the  stoker 
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Qting  smoke,  but  mixtures  of  Newcastle  and  Welsh  coal  are 
difficult  to  deal  with.  We  may,  however,  say  that  even  in 
rials  with  the  most  careful  hand-stoking  some  fuel  goes  away 
.  The  presence  of  water  or  of  much  oxygen  in  the  fuel  seems 
ice  to  the  formation  of  smoke.  However  bituminous  a 
J  be,  if  its  volatile  constituents  are  mixed  at  a  sufficiently 
iperature  with  enough  air,  they  bum  completely  with  a  blue 
f  heated  first  and  cooled  before  mixing  with  air,  they  decom- 
9  marsh  gas  and  hydrogen  and  carbon,  and  deposit  the  carbon 
e  and  soot,  and  the  higher  the  temperature  and  the  more 
the  cooling  the  more  soot  will  be  formed.  This  is  the  most 
at  kind  of  imperfect  combustion.  Thus  one  pound  of  average 
coal  has  0*80  lb.  of  carbon  and  005  lb.  of  hydrogen,  and  we 
5  that  its  evaporative  power  is  15*2.     But  if  we  drive  off  the 

parts  unconsumed  (because  we  do  not  mix  them  with  air  at 
mongh  temperature),  we  have  only  0*57  lb.  of  fixed  carbon 
d  the  heat  due  to  this,  even  if  we  capture  it  all,  can 
dduce  an  evaporation  of  8*6.  As  for  the  fixed  carbon, 
I,  forming  carbon  dioxide.  But  if  sufficient  air  is  not  sup- 
s  combustion  is  imperfect,  it  forms  carbon  monoxide  only, 
\  is  another  kind  of  imperfect  combustion  due  to  there  not 
sufficient  supply  of  air.  In  the  burning  of  coke,  or  the  fixed 
in  shallow  fires  especially,  it  will  be  found  that  the  fuel  needs 
tnally  ■crabbed  with  air. 

he  bituminous  coals,  we  have  splint  or  hard  coal,  black  shaded 
>wn  in  colour ;  slaty  curved  principal  fracture ;  cross  fractunx 
and  splintery ;  not  easily  broken ;  does  not  kindle  easily ;  chives 
ire,  high  temperature  ;  is  much  prized.  Cherry  or  soft  coal, 
\  in  Sta£fordshire,  is  more  abundant  than  the  last ;  has  a 
black  or  slightly  grey  appearance,  sometimes  with  shining 
does  not  cake;  is  easily  broken,  with  a  slaty  fracture,  so 
ere  is  considerable  waste ;  it  is  easy  to  ignite,  and  bums 
Canwl  coal,  common  near  Glasgow  and  at  Wigan  and 
y ;  so  called  because  it  bums  with  a  flame  like  that  of  a  candle, 
»  csiWeA  parrot  because  its  flat  pieces  are  apt  to  fly  off,  making 
r  noises.  Dark  grey  or  brown  in  colour  ;  takes  a  polish  (jet  is 
Y  of  it);  has  a  flat  conchoidal  fnicture,  frequently  slaty  ;  does 

the  fingers,  is  not  easily  broki'n:    it  yields  in  distillation 

>latile  products  and  less  coke,  mor<'  ash  and  more  sulphur 

dinary  coal.      It    has   probably   been  derivecl  from  mosses, 

seaweed,  &c.,  rather  than  from  tret»  vt^getation  like  other 

E   E   2 
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CHi 


One  pound  of  Fuel. 


Charcoal — 
Wood 
Peat    .    . 


Coke- 
Good  . 
Medium 
Bad     . 


Coal— 

(Anthracite) 

it 


u 


f » 


Wood- 
Kiln  dried 
Air  dried 


Mineral  oil  (refined) 
(refined) 


»» 


'»» 


Pounds       Pounds 

of        I    ofHy. 

Carbon,      drogen. 


•    .    • 


Dry,  bituminous  .    .    . 

»» 
Caking 


•    •    • 


Cannel 

Dry  long  flnming  .  .  . 
;  BroMTi  earthy  .... 
I      Lignite 


Peat- 
Kiln  dried 
Air  dried 


0-93 


0-88 
0-82 


U-90 
0-90 
0-77 
0-88 
0-81 
0-84 
0-77 
0-74 
0-65 


0-60 
0-46 


0-50 
0-40 

0-84 
0-85 


0038 


002 
0-03 
004 
005 
005 
006 
006 
005 
0-06 
006 


007 
005 


0-06 
005 

016 
015 


Pounds 

of 
Oxygen. 


Heat 

deTelc^Md. 

Cent,  units. 


KTapontlte 


7487 


•01 


001 
0-03 
0-02 
006 
005 
0-04 
0-08 
015 
0-20 
0-25 


0-30 
0-24 


0-42 
0-33 

0 
0 


8351 


8196 
8148 
8582 
7663 
8594 
8069 
8375 
7266 
7266 
6232 


5967 
4392 


4300 

3530 

12280 
10940 


13-95 


15*56 


15-S9 
1518 
15-99 
14-2B 
16-08 
15-03 
15-61 
13-54 
13-54 
11-61 


11-12 
8-185 


10-00 
6-58 

22-87 
2039 


j"  Wylam  Banks,  Newcastle 
Splint  coal     -[  Glasgow  coal-field     .    .    . 

(Wigan,  Lancashire  .    .    . 
Cannel  coal      Parrot  coal,  Edinburgh  . 

Cherrv  coal  /Harrow,  Newcastle    .    .    . 
cnerrj  coal  ^  ^j^j^^  ^^j  ^^^  Glasgow  . 

p  »  .  ,  /(varsfield,  Newcastle,  deep  bank 

^'**^*"8^''>a»  -\  South  Hetton,  Durham    .    .    .    . 


Carbon. 


74-823 
82-924 
83-753 
67-597 
84-846 
81-206 
87-952 
83-274 


Hydrogen,  Oxygeusnd 


6-180 
6-491 
5-660 
5-406 
5-048 
5-452 
5*239 
5-171 


51185 
10-457 

8-030 
12-438 

8-430 
11-923 

5-416 

3-030 
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y  >> 


L«KRllty,  average  of. 


2  •-'3 

y  >    » 


a 


'A 


36  HamplcH  from  Wales 


18 

28 
8 


»f 


»» 


»» 


Newcastle 
Lancashire 
Scotland  . 
Derbyshire 


1-31583-78 
1-2568212 
1-273  77-9  ! 
1-25978-53 
1-29279-68 


4-79 
5-31 
5-32 
5-61 
4-94 


0-98 
1-35 
1-30 
1-00 
1-41 


I 


1-43 
1-24 
1-44 
1-11 
1-01 


0 
& 

M 

o 


4*15 
5-69 
9-53 
9-99 
10-28 


72*60 

4'OS  :  54-S 
2-65    00*8 
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The  average  weight  of  coal  in  heaps  is  50  to  60  lb.  per  cubic  foot. 
Bote  is  what  remains  when  the  volatile  constituents  (10  to  65  per 
sent.)  are  driven  off  from  coal  at  a  high  temperature  (in  a  coke  oven 
B  best ;  in  a  gas-making  retort  is  next  best ;  in  open  heaps  is  least  best 
ad  least  economical).  Coke  tends  to  absorb  15  to  20  per  cent,  of 
to  weight  of  moisture,  even  when  protected  from  rain.  There  is 
isnally  10  to  15  per  cent,  of  ash. 

Waste  or  small  ooal  pulTerized  is  often  injected  with  regulated 
moants  of  air  frt)m  fans  into  furnaces  giving  good  results. 

S57.  Crude  petroleum  consists  of  about  '85  of  carbon  and  '15 
if  hydrogen.  Its  calorific  power  as  measured  varies  from  9950  to 
i0330,  being  greater  than  that  of  refined  oil.  For  the  same  pnxluction 
if  heat  the  volumes  of  coal  and  crude  petroleum  are  about  as  50  to  83. 
^ere  good  means  have  been  employed  for  injt^cting  petroleum  with 
i  proper  supply  of  air  against  fire  brick  in  marine  furnaces,  there 
lere  found  a  reduction  of  40  per  cent,  in  weight  of  fuel  carried,  and 
16  per  cent,  in  bulk,  and  75  per  cent,  in  labour.  There  is  prompt 
ighting  and. extinguishing  of  the  fire,  and  great  ease  of  regulation 
md  perfect  combustion,  with  less  excess  air  than  when  con!  is  used. 
Hiere  is  greater  cost  of  fuel. 

Air  passed  over  the  surface  of  the  lighter  oils  (with  low  flashing 
KHnts,  and  therefore  dangerous)  takes  up  sufficient  vapour  to  become 
explosive,  and  this  mixture  is  used  in  some  engines.  The  law  makes 
t  troublesome  now  to  carrv  such  oils.  Oil  sras  mav  bi*  made  from 
4e  ordinary  petroleums,  and  used  in  gas  engines.  A  good  oil  entwine 
nixes  its  supply  of  oil  with  air,  explodes  it  with  perfect  combu:?tion, 
Uid  utilises  its  energy  without  there  being  any  tarry  deposit  left  to 
'"log  the  valves.  Properties  of  oils  important  in  oil  engines  are 
lescribed  in  Art.  280. 

The  buttery-looking  cnide  residue  left  after  i^xtmcting  oil  from 
hale  will  not  bum  on  applying  a  light.  When  melted  and  furred  in 
fits  with  superheated  steam  and  air  agjiinst  fire-clay  furnaee  siiU's,  it 
urns  well. 

S68.  Oaaeousltiel  is  easily  conveyed  by  pi])es;  there  may  be 
Teat  economy  and  higher  tem{K.'nitnre  in  its  combustion  than  with 
•olid  fuel,  not  much  more  air  being  supplied  than  what  is  ju.st 
eoessary;  there  is  no  dust,  no  cinder,  no  ash.  Ooal  gas  manu- 
ictared  for  lighting  purjwses  is  also  employetl  in  gas  engini's.  Coal 
r  gas-making  is  exi>ensive,  gives  otl' about  :^0  |K*r  cent,  of  vt»latilo 
off,  which  yields  about  5  cubic  feet  of  ga.s  p^r  lb.,  leaving  about 
)  per  cent  of  coke. 

Water  KM  is  produced  by  alternately  |Missing  air  up  through  a 
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• 
thick  fire  to  make  the  coke  white  hot,  and  then  passing  up  ste 

The  Hj)  in  presence  of  hot  carbon  becomes  H^  and  CO.  Some  feni 

of  water-gas  are  good  in  boiler  and  metallurgical  furnaces,  bat  (» 

tain  enough  tar  to  clog  the  valves  of  a  gas  engine.    Dowioa'i  pi 

seems  to  contain  more  of  the  heating  power  of  the  fuel  (it  mukh 

anthracite  or  coke,  else  the  tarry  products  give  trouble)  than  of 

other.    A  fire  more  than  18  inches  thick  is  maintained  in  a  in-' 

brick  lined  {uraace.     Fuel  is  admitted  through  a  hopper  and  vabil 

There  is  a  little  boiler  producing  superheated  steam,  irfiich 

by  a  nozzle  into  a  closed  ashpit,  canying  air  with  it.    The  actMoi 

continuous.    The  oxygen  of  the  air  combines  with  carbon  to  fioim 

The  CO^  dissociates  as  it  rises  in  the  fire  into  CO  and  0 ;  this 

later  combines  with  more  C    Again  the  Hfi  in  presence  of  vUb] 

hot  C  becomes  H^  and  CO^  and  some  of  the  00^  dissociates  as 

Coming  from  the  top  surface  of  the  fuel  we  have  JSTand  CO,  and 

CO^  with  nitrogen,  also  we  find  ashy  dust  and  tany  matteia 

gases  are  cooled  and  passed  through  water  spray  and  wet  coke  i 

gas  holder,  and  drawn  oif  for  use  in  gas  engines  or  to  be  bnnfc 

furnaces. 

Natural  gas  is  found  in  districts  where  oil  is  found;  it 

from  a  depth  of  500  to  2,000  feet,  and  at  the  surfiace  has  a 

of  from  150  to  200  lb.  per  square  inch,  being  at  first  at  l^OOO  Ih 

square  inch.     Calorific  power   14,000  to  15,600  per  pound.   It 

found  that  1,000  cubic  feet  of  gas  is  equal  to  firom  80  to  133  Ik  rf 

coal  in  boiler  heating  power.     These  gas  wells  are  rapidly  gettuf 

exhausted,  as  is  shown  by  the  great  diminution  of  pressure. 
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I  THE  EFFICIEXCY   OF   A   BOILER 
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860.  The  most  important  of  8team  engine  processes  are  the 
giviiig  of  heat  to  water  in  the  boiler,  and  the  taking  of  heat  from 
nter  (steam)  in  the  oondenier.  In  an  exceedingly  good  engine 
te  may  say  that  we  give  energy  represented  by  the  number  10  in 
the  boiler,  take  away  9  in  the  condenser,  converting  1  into  indicated 
work. 

Oar  greatest  trouble  is  in  the  boiler.     The  fuel  is  white  hot,  and 

[  itMat—  heat  very  rapidly  to  the  fire  box.     In  a  marine  boiler  or 

I   MJonaiy  boiler  about  half  the  total  heat  reaches  the  water  through 

!   the  sides  of  the  fire  box.     But  if  the  fire  on  the  grate  is  made 

'    tUcker,  as  it  is  in  a  locomotive  boiler  or  in  a  marine  boiler  under 

ftited  draught,  it  radiates  only  a  little  more  per  square  foot  of  grate, 

because  its  exposed  surface  and  temperature  are  not  much  increased 

hy  mere  thickness,  and  consequently  only  about  a  quarter,  or  even 

le»,  of  the  total  heat  reaches  the  water  through  the  fire  box.     We 

iiay  take  it  that  the  fire  box  part  of  the  heating  surface  is  very 

iiioch  more  efficient  per  unit  area  than  the  flue  part,  and  this  is 

one  reason  why  the  Thomycroft  boilers  are  so  efficient.     But  if  in  a 

particular  boiler  we  bum  twice  as  much  more  fuel  in  the  hour, 

^though  the  flues  will  give  more  than  twice  as  much  heat  to  the 

%ater,  the  fire  box  will  increase  its  supply  only  a  little.     And  here 

%c  ha\'e  a  verj*  curious  property  of  flues  which  ought  to  be  well 

studied.     Whether  a  tube  is  made  of  copper  or  iron  or  brass,  is  of 

tio  consequence,  except  as  to   convenience   and   oxidation   by   the 

tiame.     The  real  resistance  to  the  passage  of  heat  is  not  due  to  the 

kid  conductivity  of  the  metal;  it  is  due  to  the  fiict  that  the  particles 

of  hot  gases  will  not  come  up  fast  enough  to  the  surface  to  get 

cooled,  and  the  particles  of  water  will  not  come  up  fast  enough  on 

the  other  side  to  get  heated.     See  Art.  377.  ^  P 
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Exercise  1.  If  the  average  difference  of  temperature  between 
flue  gases  and  boiler  water  is  500  Fahrenheit  degrees ;  assume  thit  ; 
a  ^-inch  metal  plate  has  this  temperature  difference  between  its  sidei, 
what  heat  passes  per  hour  ?     Express  the  heat  in  evaporation  unita  :- 

Ansiver.  Taking  the  conductivity  k  of  copper  as  "004,  and  of  iroo  j. 
as  '00088  in  inch  second  pound  units,  the  heat  per  square  foot  per  \ 
second  is  144x500t-rf.  In  evaporation  per  hour  it  is  144xl33S  ; 
A:  X  60  X  60 -r  966  or  716  x  10*  Ar,  and  is  2864  lbs.  in  the  case  of  copper,  i 
630  lbs.  in  the  case  of  iron.  ^ 

Exercise  2.  The  largest  result  from  an  actual  boiler  is  seen  in 
the  table,  page  426,  to  be  10  lbs.  of  evaporation  per  square  foot 
of  heating  surface  per  hour,  what  fraction  of  the  total  resistance  to 
the  passage  of  heat  is  made  up  of  mere  resistance  of  the  metal  ( 

Aiiswer.  0016  in  the  case  of  iron,  00035  in  the  case  of  copper. 

360.  Given  water  and  steam  at  a  certain  temperature  and  hot 
furnace  gases  at  a  very  much  greater  temperature ;  to  get  the  heat 
from  the  one  to  the  other  quickly  and  without  too  great  an  extent 
of  heating  surface.  This  is  the  problem  to  be  solved  by  boiler 
makers.  There  is  a  plate  of  metal  through  which  the  heat  has  to 
pass.  The  resistance  to  the  heat  passing  seems  to  be  very  greatly 
at  the  two  surfaces.  The  actual  thickness  of  metal  (if  less  than  |-inch 
thick),  and  even  the  nature  of  the  metal  (that  is,  whether  it  i» 
copper  or  whether  it  is  iron  or  brass),  do  not  seem  to  matter  veiy 
much.  If  we  sometimes  object  to  iron  tubes  being  used,  it  is  not 
because  iron  is  a  much  worse  conductor  of  heat  than  copper;  it  is 
because  the  iron  suffers  more  from  the  flame.  What  makes  a  good 
deal  of  difference  is  this :  gases  and  liquids  give  up  or  take  up  heat 
by  convection.  They  are  reallv  bad  conductors  of  heat.  The 
student  ought  to  hang  a  red  hot  ball  in  water  near  its  surface,  and 
he  will  find  that  although  the  surface  water  boils,  a  thennomet«r 
placed  an  inch  below  does  not  show  any  rise  of  temperature.  Watch 
a  flask  of  water  heating  over  a  Bimsen  burner;  throw  in  some  fine 
solid  particles,  siiy  of  }>otato,  to  look  at,  and  note  how  the  hot  water 
rist's  and  the  cold  water  noplaces  it. 

We  want  the  surfaces  of  the  metal  wall  to  be  scrubbed,  the  one 
with  hot  gases  and  the  other  with  circulating  water,  and  the  student 
who  ])ays  most  attention  to  simple  experiments  on  convection  » 
most  likely  to  invent  the  best  boiler. 

We  have  much  the  same  problem  in  getting  heat  away  from  the 
steam  in  a  surface  condenser.  Joule,  who  studied  convection.  wa» 
able  to  condense  100  lbs.  of  steam  per  hour  per  square  foot  of  aurfcce. 
Practical  <'ngineers  are  happy  if  they  get  one-twentieth  of  Joule* 
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rfbrmance.  He  let  cold  water  in  a  tube  surround  steam  in  a  con- 
ntric  tube ;  they  flowed  in  opposite'  directions.  Probably  the  best 
iJer  will  be  one  in  which  a  flame  or  hot  gas  tube  surrounds  or 
surrounded  by  a  water  tube,  the  gas  and  water  flowing  fast  in 
posite  directions. 

In  Fig.  198  I  show  a  vertical  boiler  with  vertical  Field  tubes 
ig.  201)  filled  with  water  surrounded  by  flame.  If  these  were 
linary  tubes,  the  water  in  them  would  get  red  hot  and  would 
Asionally  burst  out  with  violence,  and  this  would  form  one  of  the 
ry  worst  possible  contrivances  for  heating  water.  In  truth,  how- 
»r,  there  is  an  inner  tube,  fixed  as  shown  in  Fig.  201,  so  that  hot 
ter  rises  in  the  outside  space  and  cold  water  comes  down  the 
itral  tube,  the  circulation  being  very  rapid.  Till  Thomycroft 
rented  his  boiler,  this  was  the  most  expeditious  contrivance  for 
ftting  water. 

S61.  I  have  examined  a  great  number  of  experimental  results 
m  boilers.  Many  of  them  arc  troublesome  to  deal  with,  because 
^Is  and  states  of  metal  surfaces  difler.  Dmught  is  not  always 
idfied.  The  student  ought  carefully  to  study  the  following  results, 
r.  Donkin's  book  has  just  been  published,  in  which  he  describes  all 
5  experiments  on  boilers  which  a  student  is  likely  to  find  time 
study.     The  information  in  the  table  on  the  following  page  is  from 

older  publication. 

It  will  be  noticed  that  with  all  good  types  of  boiler,  working  at 
eir  best,  we  find  that  we  seldom  have  less  than  9i  lbs.  of  steam 
tandard)  per  pound  of  fuel  and  seldom  more  than  13,  although  the 
ie  varies  from  9  lbs.  of  steam  per  scjuare  foot  of  heating  surface  to 
,  and  the  fuel  per  square  foot  of  grate  varies  from  60  to  8. 

We  have  seen,  Art.  250,  that  the  total  evaporative  power  of  a 
ebh  coal  may  be  taken  as  IG'47.  In  the  following,  I  know  that 
'.  Donkin  rejects  of  this  037,  because  of  latent  heat  of  the  hygi'o- 
pic  and  formed  steam.  I  think  he  has  no  more  right  to  do  this 
kn  to  reject  other  losses  of  heat  which  are  absolutely  certain  in  all 
lers;  however,  let  us  take  161.  The  efficiency  75  percent,  in  the 
owing  table  means  that  161  x  075  lb.  of  Staiidard  evaporation 
>roduced  per  pound  of  coal. 

Mr.  Donkin  gives  the  following  summary  of  405  boiler  tests 
uiged  in  order  of  merit. 

I  said,  in  Art.  134  that  the  boilers  in  the  London  eh»ctrio  >*upply 
bions  produce,  almost  without  exception,  on  an  average,  SA  lbs.  of 
un  per  pound  of  coal.  They  may  be  taken  as  steam  of  165  lbs. 
square  inch  from  feed  water  at  100'  F.     It  is  easy  Xu  show  that 
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'ADS  an  average  efficiency  under  very  varying  load,  and  resting 
mked  up  fires,  of  61  per  cent. 


Type, 

1 

Stoking. 

© 

6 

s  o  o  r* 

iSs5 

841 

1  liowest  efficiency  ! 
S  of  each  type,  one  i 
^             experiment 

!             only. 

Mean             ' 
I;i              efficiency 
^               ofaUthe 

exporimentii. 

tube  ( 1  i-inch  tubes) 

hand 

icivc 

II 

37 

83-3 

53-7 

72-5 

bire(2flae)  .    .    .    . 

II 

10 

74-4 

65-6 

72-0 

3rey 

II 

9 

761 

57-6 

70-3 

««         ....... 

hand  and  machine 

29 

79-8 

55-9 

69-2 

csk-     

hand 

24 

75-7 

64-7 

69-2 

smoke  tube     .   .    . 

II 

11 

81-2 

56-6 

68-7 

t 

II 

25 

81-7 

53  0 

68  0 

II 

9 

81  0 

55-0 

67-7 

«k 

II 

6 

69-6 

62-0 

66  0 

Dt      .     .     .     .           ... 

1 1 

t 

70-8 

58-9 

65-3 

tube  (4  inch  tubes)  . 

II 

49 

77-5 

50-0 

64-9 

dire  (2  flues)     .   .    . 

machine 

40 

73-0 

51-9 

64-2 

I 

hand 

3 
107 

65-9 
79-5 

6^)-0 
421 

62-7 
62-4 

dire  (2  flues)     .   .    . 

ck 

1 1 

6 

73-4 

54-8 

61-0 

Iiire  (3  flues)     .    .    . 

II 

6 

66-7 

52-0 

59-4 

Dt 

hand  and  machine 

8 

65-5 

54-9 

58-5 

Iiire  (2  flues)     .   .   . 

hand 

8 

74-3 

45-9 

57-3 

1 

11 

a 

76-5 

44-2 

56-2 

S.  A  Working  Theory.     On  the  whole,  the  following  prin- 
leem  sufficiently  well  established  to  be  worth  the  consideration 
who  design  boilers. 

a  fire-box,  the  grate  area  of  which  is  G  square  feet,  when  F 
uel  are  burning  per  hour,  the  evaporation  is  roughly  repre- 
by  hG  +  cF,  where  h  and  c  are  greater  as  the  ratio  of  the 
the  fire-box  surface  above  the  grate  exposed  to  radiation  to 
kte  area  is  increased ;  b  and  c  are  diminished  by  admitting 
ir  per  pound  of  fuel  than  is  necessar3\  For  both  these  reasons 
are  greater  in  a  locomotive  than  in  a  Lancashire  boiler. 
lore  complicated  formula  ^  may  easily  be  framed  to  suit  better 

.ve  sometimes  used  the  following : — The  evaporation  from  the  fire-box  i8 

aF_  aF 

IB  ^Tff*  or  h^  i»  A-T 45/*,  A  being  pounds  of  air  per  pound  of  fuel,  H  being 

ee  of  the  fire-box  which  may  receive  heat  by  radiation, /being  fuel  per  hour 
re  foot  of  grate,  and  k  )>eing  radiation  surface  per  square  foot  of  grate. 
this   is   a  better   formula   in  some   cases,   but    applie<l    to  the   French 
r»  boiler.  Art.  264,  h  is  ver>'  far  from  being  a  constant. 
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the  notions  which  have  been  given  us  by  our  knowledge  of  combus- 
tion, but  we  are  looking  only  for  a  general  formula  which  shall  be 
fairly  correct  within  the  ordinary  limits,  and  which  shall  lend  itself 
to  easy  algebraic  work,  and  this  one  will  do. 

If  the  evaporation  per  pound  of  fuel  when  perfectly  burned  in 
a  coal  tester,  is  a  lb.  If  a  —  a  represents  the  loss  of  heat  per  pound 
of  fuel,  because  more  than  the  exactly  right  amount  of  air  is  admit- 
ted, and  because  there  is  not  a  suflSciently  large  and  well  arranged 
combustion  chamber ;  because  of  hot  ashes,  &c. ;  the  available  beat 
is  represented  by  a  and  not  a.  Thus;,  when  there  is  natural  draught, 
and  especially  when  the  fire  is  thin,  the  fuel  is  not  scrubbed  with 
air  sufficiently,  unless  we  admit  twice  the  absolutely  necessary 
amount ;  we  saw  in  Art.  247  that  much  of  the  value  of  the  fuel  was 
lost.  When  there  is  such  poor  draught  and  such  a  small  combustion 
chamber  that  Jths  of  the  hydrocarbons  go  off  unconsumed,  we  saw 
that  much  more  of  the  value  of  the  fuel  is  lost.  In  fact,  we  may 
say,  that  by  bad  or  good  stoking,  bad  or  good  size  of  combustion 
chamber,  bad  or  good  draught,  a  may  be  anything  from  95  to 
•60  of  a. 

The  total  available  evaporation  is  then  aF,  and  if  we  eflfect  the 
amount  hG  +  cF  in  the  furnace,  there  remains  aF  —  {hO  -h  cF)  or 
(a  —  c)F  —  hG  to  be  dealt  with  in  the  flues.  Now  it  seems  that 
the  efficiency  of  a  flue  may  very  well  be  represented  by 

e  =  l/(l+/i/0 

>  -J. 

where  /  is  the  average  length  of  the  flues  and  fi  is  proportional  to 
the  hydraulic  mean  depth  of  the  flue  on  the  flame  side,  and  also  to 
the  hydraulic  mean  depth  or  badness  of  circulation  on  the  water 
side.     (See  Chap.  XXXIII.) 

The  hydraulic  mean  deptli  on  the  flame  side  of  a  straight  tube 
of  any  kind  of  uniform  section  is  the  area  of  its  section  divided  by 
perimeter  touched  by  the  flame  or  gases.  The  hydraulic  mean 
depth  or  badness  of  circulation  on  the  water  side  is  not  easy  to 
specify  exactly  in  mathematical  language,  but  is  quite  easy  to 
understand  ;  it  is  greatly  diminished  by  artificial  stirring.  The 
efficiency  of  a  flue  is  greatly  diminished  by  the  deposition  of  soot 
on  tho  gas  .side,  or  by  deposition  from  the  water  on  the  other  side, 
an<l  either  of  these  may  be  said  to  increase  /x.  When  the  flue  is  not 
a  mere  straight  tube,  the  hydraulic  mean  depth  may  be  said  to  be 
diminished  by  all  obstructions  which  are  such  that  the  hot  gases 
are    made  to    impinge   on    heating   surf;ice.     It   is   not   altogether 
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irect.  and  yet  is  nearly  correct  to  say  that  anything  which  in- 
eases  friction  in  a  flue  bounded  by  heating  surface,  increases 
Bciency.  A  feed-water  heater  may  either  be  taken  as  increasing  /  or 
iminishing  /i.  The  gases  give  their  heat  to  the  metal  because  they 
!e  hotter  than  the  metal,  and  because  they  are  in  turbulent  motion, 
hich  continually  replaces  the  cooled  layers  close  to  the  metal  with 
esh,  hot  stuff.     I  have  worked  out  a  rough  theory  of  how  the  heat 

given  up,  and  it  is  given  in  Chap.  XXXIII.  It  suggests  that 
hen  fluid  friction  is  quadrupled,  the  rate  of  giving  up  of  heat  is 
oabled. 

We  find  in  Art.  259  that  the  resistance  to  the  passage  of  heat 
'om  gases  to  water  is  usually  about  300  times  as  great  as  the  mere 
^sistance  of  a  copper  tube  f  inch  thick.  I  have  found  by  experi- 
lent  that  the  temperature  of  a  cooling  ball  of  stone  close  to  its 
irfiskce  remains  for  a  long  time  very  much  higher  than  the  cold  water 
hich  violently  scrubs  the  surface,  and  this  curious  phenomenon 
lust  be  greatly  exaggerated  in  the  difference  in  temperature  between 
ases  in  a  flue  and  the  metal  of  the  flue.  Men  who  write  elaborate 
reatises  on  steam  boilers,  will  quote  Isherwood's  experiments,  which 
bowed  that  the  heat  passing  through  flues  J,  i,  and  I"  thick  was 
tactically  the  same,  so  that  it  did  not  depend  to  any  appreciable 
itent  upon  the  thickness  of  the  metal,  and  yet  they  will  also,  to 
he  confusion  of  a  thoughtful  reader,  dilate  somewhere  else  upon  the 
mportance  of  doubling  evaporation  by  halving  the  thickness  of  the 
ubes. 

It  is  usual  to  speak  of  the  heating  surface  S  of  a  boiler,  counting 
8  heating  surfece  the  total  surface  of  metal  which  is  touched  by 
he  hot  gases.  In  boilers,  the  evaporation  mnges  from  IJ  to  9  lbs. 
f  steam  per  hour  per  square  foot  of  heating  surface,  and  from 
00  to  1000  lbs.  per  hour  per  square  foot  of  grate.  I  consider  that 
Imost  nothing  has.  retarded  improvement  in  boilers  so  much  jis 
uch  statements  about  area  of  heating  surface.  In  many  ex- 
eriments  on  multitubular  boilers  wht'n  half  the  tubes  have  been 
losed  up,  the  boiler  was  found  to  bt*  just  about  as  efticient  as 
efore. 

We  cannot  expect  to  have  the  same  efhcieney  of  a  flue  for  very 
reat  diflFerences  in  the  amounts  of  gas  i>assing.  If  this  were  so, 
le  efficiency  of  a  set  of  tubes  would  depend  only  on  their  length 
id  diameter,  and  not  on  the  number  of  them.  But  it  is  interest- 
g  to  notice  that  within  certain  limits  there  is  no  great  loss  of 
Bciency  in  plugging  up  half  the  tubes.     Thus,  for  example,  the 
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efficiency  of  the  Wigan  boiler^  was  tested.  Every  alternate  diagonal 
row  of  tubes  was  plugged  and  the  heating  surface  was  thus  reduced 
by  206  square  feet. 


lb.  of  coal  per  si{.  ft.  of  grate  per  hour  . 

Evaporation  per  lb.  of  coal 

Very  light  smoke,  duration  in  minutes 
per  hour 


All  tubes 
open. 


25 
12*4 

2-8 


Half  of 
tuben  dosed. 


24 
12*2 

8H» 


So  that  with  about  twice  the  velocity  of  gases  in  a  tube,  we  havc5 
about  twice  as  much  evaporation  from  the  tube. 

263.  The  subject  is  so  important  that  I  will  describe  here  som^ 
famous  ezperimenti  made  in  France  upon  a  locomotive  boiler* 
about  twenty  years  ago.     Grate  area  9  square  feet ;  125  tubes  14* 
inches  long,  1|  inches  inside  diameter.     The  boiler  was  divided  into 
five  sections,  the   tubes  running  through,  but  the  sections  kepfe 
distinct.    Each  length  of  the  barrel  was  3  feet  long,  there  being  3^ 
inches  of  tubes  attached   to  what  is  called   the  fire-box   sectioa. 
The  draught  was  produced  in  the  chimney  by  a  blast  of  steaia 
from  another  boiler.     There  seems  to  be  pretty   much   the  same 
evaporative  power  in  1  lb.  of  coke  as  in  1  lb.  of  briquettes,  and 
I  usually  take  it  that  1  lb.  of  fairly  dry  coke  has  a  total  evaporative 
j)ower  of  14  lbs.     Now,  in  the  experimental  boiler  the  pressure  was 
80  lbs.  per  square  inch,  the  feed- water  was  probably  at  62°  F.  ;thi8 
needs  1 149  units  per  lb.  as  against  966  units,  which  is  the  standard 
of  evaporation.     That  is,  we  may  take  the  evaporation  of  1  lb.  in 
the  table  as  equivalent  to  12  lb.  as  from  and  at  21 2*'  F.     Hence, 
of  the  evaporation  in  the  table,  1  lb.  of  coke  would  produce  a  total 
evaporation  of  11*76  lbs.     This  is  reduced  because  of  the  moisture  in 
the  coke. 

Also,  neglecting  tht»  fact  that  possibly  more  than  50  per  cent 
excess  air  was  admitted,  we  have  probably  18  lbs.  of  gases  of  specific 
heat  about  025 ;  the  most  {)erfect  flues  cannot  reduce  these  gases  to 
a  lower  tempeniture  than  320''  F.^  that  of  the  water,  and  so  we  must 
(l(>duct  18  X  260  X  0-25  or  1170  units  of  heat.  This  reduces  the 
total  available  cvajMiration  to   10*88  lb.     It  is  not  unreasonable  to 

'  Tht  Stfftm  Emjiuf,  by  I).  K.  Clark,  in  four  volumes,  p.  114.     I  shall  often  reftf 
to  tliiH  lxx>k  in  the  following  pages. 
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5ine  that  10  per  ceot,  of  the  whole  evaporative  power  or 
>  lb.  is  absent  on  account  of  incomplete  combustion,  because  this 
nite usual  even  with  good  stoking, and  we  arrive  at  97 lbs. as  the 
it  jHobable  total  available  evaporation  of  I  lb.  of  the  fuel.  My 
dents  have  tried  and  we  have  seen  that  whether  we  take  11,  or 
,or  9,  there  is  no  great  difference  in  the  following  deductions. 
The  observations  reduced  to  English  units  are  given  in  the 
ide.    The  evaporations  are  in  pounds  per  hour. 


,i. 

.' 

l| 

i's 

I'S 

^  Jl 

j 

■    If 

£ 

s 

£  'i 

"itm 

Ibi. 

Ib^ 

li>^~ 

/   -79,  436-5 

153iD 

996 

430 

228 

1 1-571  654-7 

2018 

1408 

671 

380 

*.  .  .   .  .2-36'  727-5 

2222 

1789 

931 

528 

1315   793-7 

2220 

19-21 

997 

572 

Is-M   771 -6 

1810 

1892 

1030 

614 

/   -79   476-2 

1806 

9W 

445 

340 

M57    743-0 

2356 

1366 

735 

387 

nfWtt   .  -2-36   923-7 

2933 

1969 

10-25 

645 

3-15  1025-0 

3291 

1778 

920 

579 

U-W   978-8 

2981 

2499 

1228 

774 

l^lttt.         -79   388-0 
Hdfthe       1-57   610-7 

1811 

803 

3.-* 

191 

•3037 

I13H 

5.50 

308 

"Widoird-,2-36   707  7 
Ttlipftt     3-15   793-6 
'•Wmd.U-94   8488 

2710 

1448 

7-22 

449 

2979 

1624 

84.-I 

47.'i 

3058 

1874 

tUH 

r>KO 



364.  Exercise  1.  Plot  E^  (the  evaporation  fivm  the  flre-bos) 

d/(ib,  of  fuel)  on  squared  paper,  and  hw  if  you  obtain  some  such 
l«as  these — 

£'„  =  700  +  2  ^,  Coke, 

jBo  =  700  +  2-4  F,  Briquettes, 

E^  =  700  +  2-8  F,  Briquettes  with  half  the  tubes  plugged  up. 

i  ihall  now  consider  th«  flue  part 

In  whatever  way  I  have  iiianiinilatefi  the  figures  of  these  fiunnus 
ts,aDd  I  have  done  this  in  many  ways  at  many  times,  I  havi-  always 
■id  tbe  fifth  set  for  bricjuettcs  abnormal,  and  I  think  th<;  reason 
i  in  the  tests  not  having  lasted  long  enough.  As  a  matter  of  fact, 
rever,  it  is  evident  that  there  are  no  discrepancies  from  constancy 
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in  €^,  the  efficiency  of  the  flues  of  the  next  table,  which  may  not  be  due 
to  errors  of  measurement.  It  is  interesting  to  notice  that  there  wii 
actually  a  greater  flue  efficiency  when  half  the  tubes  were  plugged 
up.  I  make  it  out  to  be  '612  when  all  the  tubes  were  open,  and  "SSS 
when  half  were  plugged  up,  the  mean  being  '634.  If  we  reject  the 
fifth  test  with  briquettes,  as  I  have  always  been  greatly  inclined  to 
do,  there  is  even  a  greater  increased  efficiency  due  to  plugging  up 
the  tubes. 

Exercise.  If  10  is  the  greatest  possible  evaporation  per  pound 
of  fuel,  10  jP  —  Eq  is  the  heat  entering  the  first  section  of  the 
flue ;  10  -f  —  jFq  —  j^i  is  the  heat  entering  the  second  section  of  the 
flue,  and  so  on.  If  we  divide  the  evaporation  in  a  part  of  the  flue  by 
the  heat  entering  it,  we  get  its  efficiency.  I  have  calculated  e^,  e^  tpf* 
e^,  the  efficiencies  of  the  four  flue  parts.  Also  I  have  calculated  €j, 
^2»  ^8»  ^4'  where,  for  example,  €3  means  the  efficiency  of  the  first 
three  sections  taken  together,  and  €4,  the  efficiency  of  the  whole  of 
the  flue  part. 

It  is  to  be  noticed  with  briquettes  that,  whether  we  take  the 
boiler  as  a  whole  or  any  portion  of  the  flue  part,  the  efficiency  was 
actually  greater  when  half  the  tubes  were  closed  up.  Notice  that  in 
any  of  the  three  sets,  the  flues,  or  any  section  of  them,  has  about  the 
same  efficiency,  whether  there  is  much  or  little  fuel  being  burnt. 

Flue  Efficiencies. 


Fuel,  U).  iK;r  hour. 


c.« 


roh 


Means 


f4:mri\  -.ST)! 

6r)4-7  -311 

-'727  5  •3.->4 

1793-7  -330 

1771-6  -3-20 

...  I  -334 


•234 
-215 
•286 
-263  I 
-256 

•251  ' 

I 


•162 
-155 
•226 
•205 

•191 


•108  -351  -502  -582  -630 

-112  -311  -459  -542  -593 

•187  -354  -5.39  642   708 

•178  -^36  -510  '  -610  j  -686 

•204  ;  -320  -493  600  j  -680 

•158  -334  501  -595  ^  "658 


/   476-2 

-.3-26 

•2-23 

-154 

•112 

•3-26 

•476 

•558 

•606 

'    743-0 

•270 

-198 

•KI2 

•103 

•270 

•418 

'    495  '   548 

Iiriqtutt*'H    -    9'23-7 

•311 

-2:^j 

•195 

•160 

311 

•475 

•578  1  •W4 

1 10-250 

I  978-8 

'^Tm 

•177; 

•136 

-114 

"255 

•387 

•470 

•531 

liiiS  , 

-284  ! 

•252 

•217 

•368 

•547 

•661 

•731 

Mean     .... 

-.306 

•224 

•174 

•141 

•.3<»6 

•461 

•552 

•612 

Mean  of  first  four 

••2i)0 

-2i)8 

1 

•179 

•122 

•290 

•439 

•525 

•580 

A'rifjmfffs    r  388-0 

-389 

•281  . 

•210 

•163 

•389 

•560 

650 

•708 

Half  the      1 610-7 

-281 

•188 

•1.3<) 

•091 

-281 

•417 

•494 

•539 

tnWes  closed  -  707*7 
l»v  ]>lugs  at     793-6 
lireUox  end.    l848'8 

-.^32 

•247 

-205 

•117 

•3.32 

•495 

•598 

•665 

-;i-26 

•254 

m) 

•164 

•326 

•497 

•592 

•661 

•;U4 

•266 

*2'22 

•191 

•344, 

•519 

•625 

•702 

Means  .... 

-.334 

•247 

•191 

-145 

•334 

•498 

592 

•655 
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Now  in  the  first  and  second  series  of  tests  each  section  consists  of 
5  tabes,  1}  inch  internal  diameter,  3  feet  long ;  taking  dimensions 
feet,  the  hjrdraulic  mean  depth  m  of  a  tube  (and  therefore  of  any 
imber  of  tubes)  being  sectional  area  -r  perimeter,  is  '039  feet.  We 
id  that  the  above  averages  for  briquettes,  all  the  tubes  being  in  use 
tisfy  very  well  the  law  for  flues  made  of  round  tubes 

=  _  :§Ii  _ 

-  ^  *      153  m  +  / 

r.    ./     ; 

For  coke  with  all  the  tubes,  and  for  briquettes  when  half  the 
ibes  are  closed,  it  is  very  strange  but  we  find  that  the  results  agree 
tth  wonderful  exactness  giving  the  rule — 

•97/ 
e  = 
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We  must  then  in  no  case  depend  upon  the  area  of  heating  surface ; 
It  we  take  it  that  without  great  error  we  may  assume  that  there  is 
kiich  the  same  fraction  of  their  total  heat  taken  from  the  gases  by  a 
Be,  however  quickly  they  run  through,  and  that  the  efficiency  of  the 
oesis — 

'  =  hihi-  •  -^^^ 

*kere  /  is  the  length  of  a  tube  and  ni  its  hydraulic  mean  depth  or  \ 
f  its  diameter,  and'^  is  a  constant/ which  is  less  as  the  circulation  of 
Iter  is  better.  We  may  in  general  take  A  to  be  150  with  the  sort 
fdrculation  of  water  common  in  locomotives. 

365.  Of  the  total  evaporative  power  aF,  the  furnace  takes  the 
QMMmt  bO  +  cF\  and  the  amount  aF  —  {hG  +  cl^  enters  the  flues. 
lie  total  evaporation  W  is  therefore  made  up  of 


IG  +  cF,  and  e  I  (a  -  c)  F  -hG,  | 


We  take  a  equal  to  about  0*9  of  the  real  evaporative  power  of  the 
el  after  we  have  subtracted  the  energy  which  the  gases  would  still 
iTc  if  they  were  reduced  to  the  temperature  of  the  water  in  the 
der.  Also  we  must  have  deducted  something  for  want  of  perfect 
mbustion.  Even  if  there  is  absolutely  no  smoke  there  is  probably 
'  per  cent,  to  deduct ;  black  smoke  means  a  reduction  by  another  17 
r  cenk  Thus  a  will  depend  upon  the  character  of  the  fuel,  size  of 
nbofltion  chamber,  &c.  h  and  c  depend  upon  the  area  exposed  to 
luition  per  sq.  foot  of  grate,  and  to  a  small  extent  on  the  character 
fool,  and  the  amount  of  air  admitted.    It  is  to  be  noticed  that 

F  F 
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when  the  size  of  grate  is  altered  without  altering  anything  else,  ' 
really  alter  the  values  of  b  and  c,  and  to  some  extent  a  also,  because  i 
increase  radiation  surface  and  volume  of  combustion  chamber  p 
square  foot  of  grate^     We  have  arrived  at  the  result 

W=h(l'-e)G  +  '^c  +  (a-c)e\F      ...    (2) 

If  now  l/hni  be  called  \  a  term  proportional  to  the  length  divided  I 
diameter  of  tubes  and  greater  as  there  is  better  circulation  of  vnka 

^=r+x  +  TH[S:^ ^^^ 

I  shall  usually  write  this 

W=^AG+BF (4) 

Where  A  and  B  are  constants  of  much  the  same  value  in  gof 
specimens  of  any  class  of  boiler. 

Or  I  may  use  w  for  W/F^  the  evaporation  per  pound  of  fuel,  and 
or  F/Gy  the  fuel  per  square  foot  of  grate,  and  so  have 

xv^j+B (5) 

When  there  is  as  good  circulation  on  the  water  side  as  in  a  loo 
motive  boiler  in  motion  (the  motion  helps  circulation),  we  may  til 
X  as  the  length  of  one' of  the  tubes  divided  by  forty  times  i 
diameter.^ 

266.  My  roughly  correct  speculations  are  such  as  befit  d 
subject.  They  have  led  to  an  expression,  (3)  or  (6),  of  some  vah 
Those  who  only  use  boilers  >vill  probably  be  satisfied  with  tl 
expression 

W^AG+BF 

W  being  total  evaporation  as  from  and  at  212**  F.,  and  G  =  area  < 
grate  in  square  feet,  F  =  lb.  of  fuel  per  hour,  and  A  and  B  U 
nearly  constant  for  a  particular  boiler.     If  the  boiler  has  very  M 

^  We  ought  to  uRe  the  formula  of  the  note,  page  427,  in  any  case  where  we  kif 
that  the  air  supplied  per  pound  of  fuel  is  constant.     Instead  of  (3)  above  we  htit 


W=-aF(\  -     ^     /'^   ^ (6) 

\       1-fX  \+hFj 


i+rF 
This  may  be  written  W=aF--      „  where  r  is  a  constant  whose  value  is  6/(l'f> 

In  using  (3)  or  (6)  it  is  to  be  remembered  that  b  is  nearly  of  the  value  A/iAStll 
note,  page  427)  and  \  is  length  of  a  tube  divided  by  about  40  times  ita  diamettf. 
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flaes  the  tenn  A  is  small;   for   example,  in   the  French 
»tlT«  boiler  of  Art.  263  I  find  that 

%  all  the  observations  better  than  any  other  simple  formula  ; 
more,  I  find  that  whether  coke  was  used  or  briquettes,  and 
r  or  not  half  the  tubes  were  closed  we  have  much  the  same 
16  errors  in  assuming  this  law  to  be  true  are  very  much  of  the 
rder  as  the  discrepancies  in  the  actual  measurements  that  were 

iin  in  the  experiments  made  with  the  famous  Newcastle 
e  boiler  in  1857,  the  grate  was  altered  from  22  square  feet 
square  feet,  and  the  firing  from  3^  cwt.  on  the  larger  grate  to 
I  the  smaller.  The  heating  surface  was  749  square  feet  of 
!  and  flues,  together  with  a  feed- water  heater  of  320  square 
Fhere  was  nearly  perfect  combustion.  The  results  when  using 
d-water  heater  agree  with 

jr=34G^+9-74J?: 

not  using  the  feed-water  heater  the  results  (not  over  so  great 

\)  agree  with 

fr=70(?-|-7-48F. 

the  way  in  which  we  expect  poorer  efficiency  of  flues  to  a£fect 
mula;  diminishing  B  and  increasing  A, 

Mr.  Isherwood's  experiments  described  in  Mr.  D.  K.  Clark's 
Jie  curious  results  obtained  are  easily  explainable  if  one 
bers  the  significance  of  the  various  terms  of  (3)  or  (6).  For 
e,  how  when  we  diminish  grate  area,  we  really  increase  radi- 
^^ifobjo^  and  combustion  chamber  volume  per  square  foot  of 

In  his  first  series  where  G'  =  10-8,  and  the  heating  surface  S 
[>-3f  his  results  satisfy 

Jr=18-5ff-f5-65i^. 

lerwood,  like  many  other  people,  noticed  the  uncertainty  as  to 
9Ct  of  /8L  We  know  now  that  it  is  length  of  flue  divided  by 
lie  mean  depth  and  circulation  of  water  that  are  important 
\  S.  Readers  of  Mr.  Clark's  book  about  this  place  will  notice 
oriale  of  fted-heaten  (table,  page  283)  how  they  may  produce 
ease  of  eflBciency  of  as  much  as  15*7  per  cent.  In  practice  it 
15  to  iO  per  cent.,  but  this  would  probably  not  be  so  great  if 
e  atokiDg  and  automatic  regulation  of  the  draught  were 
hL     Clean  tubes  give  about  6  per  cent,  more  efficiency  than 

|1 
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At  page  299  of  Mr.  Clark's  book  we  may  notice  what  a  gral 
amount  of  unconsumed  gas  escapes  even  in  the  best  hand  stokiif 
trials,  and  in  page  300  that  the  supply  of  air  which  gave  the  bert 
results  with  careful  stoking  of  a  French  boiler  was  only  about  33  per 
cent,  in  excess  of  what  was  absolutely  necessary. 

The  table  of  page  302  (Clark)  is  worth  study,  it  shows  61  per  cent ; 
of  the  total  heat  going  into  the  water,  the  unconsumed  gases  taking 
5'5  per  cent. ;  clinker  and  ash  1*5  per  cent ;  heat  in  gases  taking  of 
5'5  per  cent. ;  smoke  and  carbon  0*5  per  cent.  The  hygrometric  loi 
formed  water  took  2*5  per  cent.,  and  the  heat  carried  off  by  the  brick 
work  was  23*5  per  cent,  of  the  whole.  These  numbers  ought  to  be 
compared  with  those  of  the  table,  Art  261. 

It  is  worth  while  considering  the  trial  at  page  308  of  Mr-^Claik*! 
book  of  what  is  now  an  out-of-date  boiler — a  locomotive  boiler  ooet 
used  by  Thomycrofb  in  torpedo  boats.  There  is  neither  suflSdtfl 
radiation  surface  nor  combustion  chamber  space  above  the  giM 
The  gauge  pressure  was  117  lbs.  per  square  inch,  feed  55*  F. 


I 


Air  pressure  in  stokehole  (inches) 


2  3      i      4 


925       1177       1472 
49  02  78 


181S 

91 


J^=coal  per  hour  (lbs.) 

/=     ,,  ,,      per  square  foot  grate 

FT^steam  per  hour  (lbs.) 8530      '7770      ,9320     ;108IO 

t&= evaporation  units  per  pound  of  coal    ...    .1      8*31        7*81,       7*45        7 


Here  it  will  be  found  that 

tc=  -p^  +  5-86 

or  W=122G+5'S6F 

267.  The  average  results  of  experiments  from  the  best  boileitd 
the  following  types  are  pretty  much  the  same.  Assuming  that  tbeM 
is  proper  provision  for  mixing  air  with  the  gases  at  a  high  enoo^ 
temperature  ;  that  the  provision  for  draught  is  more  than  is  actiii% 
needed,  so  that  the  stoker  has  perfect  control  of  it  (a  conditkl 
which  is  far  too  often  neglected) ;  then  the  fuel  being  any  kind  d 
good  coal,  either  Welsh  (whose  superiority  really  consists  in  beharii| 
well  even  when  the  stoking  is  bad  and  giving  little  trouble),  or  New* 
castle,  or  Lancashire,  or  Derbyshire,  or  a  mixture  of  Welsh  with  aaj 
of  these,  we  find 

w^j  4-8-5 
if  w  is  the  evaporation  in  pounds  of  water  as  from  and  at  212'  f 
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oand  of  coaL    /  is  the  fuel  per  hour  per  square  foot  of  grate. 
"alues  of  A  are  as  follows  : 


I 


limits  of  f. 


'  Lancashire  with  Galloway  tubes,  French 
or  other  good  stationary  boilers,  with 
feed- water  heaters 36 

I  Harine  cylindric  with  return  tubes    .    .  54 


30  and  8 
40  and  12 


Railway  locomotive 135  140  and  30 

«  I 

Water  tube 45  100  and  10 


68.  I  have  long  used  another  empirical  formula,  which  is 
iojent.  W  is  the  total  evaporation  per  hour  as  from  and  at 
F.  ^is  fuel  per  hour,  0  is  grate  area,  X  is  length  of  flue  divided 
B  hydraulic  mean  depth,  a,  b,  and  c  are  constants,  a  is  about 
for  any  good  Welsh  coal,  or  indeed  any  other  bituminous 
if  the  stoking  is  good ;  but  if  the  stoking  is  not  very  good,  we 
itill  use  13|  for  Welsh,  but  smaller  values  for  other  coals,  b  is 
iber  which  is  less  as  there  is  a  better  arrangement  for  water 
ation ;  e  is  a  number  which  is  less  as  there  is  more  surface 
«ive  radiation  in  the  fire-box. 

jr= «^--_ 

l-^-bF/X-^-cFiG 

;udent8  have  obtained  values  of  6  and  c  for  many  types  of  boiler. 
le  whole,  perhaps,  the  extra  complication  is  not  atoned  for  by 
ich  greater  accuracy  but  what  it  is  better  to  keep  to  the  simpler 

80.  Ifew  T]rpe  of  Boiler.    Fig.  234  is  a  diagrammatic  sketch 
N»ler  made  really  to  enable  my  students  to  keep  our  theory  in 
Ever  since  it  was  first  drawn  some  years  ago  I  have  seen  that 
toral  alterations  are  necessary — but  these  would  suggest  them- 
I  to  a  practical  engineer ;  for  example,  dust  from  the  fire  ought 
allowed  to  settle  in  such  a  way  as  to  allow  of  frequent  re- 
ly 80  that  the  passage  from  F  ought  to  be  above  and  the  flow 
t  gases  through  the  tubes  be  a  down  wan!  flow.  There  is  no  giving 
heat  by  gases  until  after  combustion  is  complete.    jS  is  a  fire- 
fomace  strongly  cased.  Coal  is  fed  in,  preferably  automatically, 
;  the  whole  space  C  is  filled  with  fuel,  which  is  white  hot  atCj ; 
dies  are  raked  from  A^,  Air  is  sucked  in  at  A^  and  at  A^,  and  it 
f  to  see  that  the  combustion  may  be  perfect  in  the  chamber  F 
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from  which  the  flame  passes  through  the  tubes  T  to  the  uptal 
The  draught  may  be  produced  in  V,  or  preferably  by  a  fan  drivu 
in  at  X,  and  A^  The  draught  required  is  very  great,  as  the  c- 
tubes  T  are  only  about  J  inch  in  diameter.  These  tubes  are  pi 
(not  quite  touching;  in  a  cylindric  vessel  D,  the  spaces  between 
being  filled  with  water,  which  is  kept  in  rapid  circulation  b; 


injector  /,  although  n  pump  may  be  used  instead,  to  drive  i 
from  the  upper  ring  piiw  If  to  the  lower  one  by  P  and  back  i 
by  the  tubes.  I  think  it  a  mistake  to  have  the  water  circuit 
often  :  it  might  to  scrub  the  tube^  so  much  in  passing  once  tht 
U  us  to  become  all  stc.im  in  the  upjior  part  of  J),  or  rather  ir 
ring  piije  fVS,  which  comnninicates  with  the  steam  pipe  S.  1 
arf  a  number  of  oases,  D,  any  one  of  which  is  easily  detachable 
thi-  tubes  arc  frequently  ckanitl  inside  and  out.  Instead  of  cyli 
cases,  I),  every  flue  tube  may  be  concentric  with  a  water  tub* 
it  is  easy  to  make  them  detachable  in  large  or  small  group 
cleaning  purposes. 


n 
1^ 


V 
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GAS  AND  OIL  ENGIN 

370.  Air  would  be  almost  the  best  stufF  to  use  in  a  heat  engine 
ily  that  it  is  so  diflScult  to  give  it  heat  and  to  take  heat  from  it  as 
iggested  by  the  Camot  and  other  cycles.  This  difficulty  has 
ioaed  the  want  of  success  of  all  the  ingenious  air  engines  which 
fete  invented  50  years  ago,  except  perhaps  for  very  small  powers. 
Jts  and  oil  engines  may  be  looked  upon  as  air  engines  in  which  the 
liScolty  has  been  got  over ;  it  is  possible  to  give  to  a  mass  of  air  (or 
ither  a  mixture  which  is  mainly  air)  in  a  cylinder,  so  much  heat  as 
<o  make  it  white  hot  in  so  short  a  time  as  j^  to  ^  part  of  a  second, 
^e  let  the  stuff  escape  with  a  great  deal  of  heat  instead  of  trying  to 
Ttnct  the  heat  again,  because  we  need  not  use  the  same  air  over 
od  over  again,  and  hence  we  have  a  practical  form  of  air  engine 
iiich  fulfils  all  the  fine  predictions  made  about  it  50  years  ago.  We 
iw  in  Art  189  that  the  usual  coal  gas  mixture  contracts  3  per  cent. 
■  eombiistion,  the  Dowson  gas  mixture  5  per  cent.,  and  oil  engine 
ixtures  3  per  cent.  TBeskbei^^bd^fmxtttr&lbeJesOHe  i^oBtractien. 
^e  have  seen  in  Art.  245,  how  much  air  is  needed  for  the  complete 
mbustion  of  a  cubic  foot  of  coal  gas  or  Dowson  gas  or  for  a  quantity  of 
L  Hiewithitw^i  <n(I  iht  <»irpltMtion^  thnt  is,  the  rapidity  of  the  corn- 
is  less  and  less  as  we  depart  from  the  exactly  right  proper- 
of  air  and  gas,  and  it  has  up  to  the  present  time  been  found 
ftvenient  for  this  and  other  reasons  to  admit  from  lQd-<»  5Qp<u: 


ecooaidex^d  in  Art.  189  the  usual  mixture,  before  and  after  combus- 
Buand  we  found  that  the  specific  heats  and  their  ratio  were  not 
latlj  altered.  This  is  mainly  due  to  the  great  quantity  of  nitrogen 
it  ^«^  indeed  of  inert  gases  generally.  There  is  more  difference 
Dowson  Gas  is  used,  but  in  all  cases  we  may  take  it  that  for 
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rough  calculations  which  are  indeed  all  that  we  can  make,  the 
behaves  just  as  if  it  were  a  perfect  gas  which  itself  undergoe 
chemical  change,  which  has  no  energy  more  than  its  pressure,  vol 
and  temperature  tell  us  of,  and  which  receives  its  heat  from 
other  source  than  itself  In  fact  we  may  regard  the  stujQLAS 
were  air,  only 'that  its  specific  heat  ratio  y  is  I'STT  This  is 
number  which  we  use,  in  default  of  a  better,  in  all  gas  an* 
engine  calculations.  We  may  have  doubt  as  to  whether  combii 
is  or  is  not  complete  at  any  point  in  the  indicator  diagram,  bi 
are  in  no  doubt  of  our  power  to  calculate  temperature  on 
assumption  of  behaviour  as  a  perfect  gas. 

The  student  is  recommended  to  read  carefully  Mr.  Dugald  CI 
book  on  gas  and  oil  engines.  I  know  of  nobody  so  capable  wh< 
given  as  much  thought  to  the  whole  subject.  He  measured  carefull 
rise  of  pressure  with  time,  in  a  closed*vessel  containing  various  mix 
of  explosive  gases,  which  were,  however,  giving  up  heat  to  the  n 
all  the  time.  His  curves  are  well  worth  study,  although  i 
was  no  compression  before  explosion.  The  most  important  n 
known  to  me  derivable  from  his  experiments  is  this  and  it  aj 
with  the  results  of  Him,  Bunsen  and  several  others :  only  abot 
to  60  per  cent  of  the  heat  energy  of  the  stuff  seems  evei'  to  be  deve 
in  the  explosion.  This  is  probably  due  to  dissociation,  but  if  any 
thinks  that  he  has  explained  the  matter  by  calling  it  by  this  nan 
will  be  undeceived  if  he  examines  the  following  figures. 

271.  Mixtures  of  air  and  Oldham  gas  exploded. 
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I  find  that   Mr.  Clerk's  results  are  fairly  wtjU  rep 
highest  gauge  presmirc  p  =  136  -  6o7  ar,  it"  x  is  th 
air  per  cubic  foot  of  gas;  and  hence  as  the  available  h 
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rdume  fs  inversely  ^{^portiopal  to  1  -J-  «,  the  indicated  he^t  ■  is 
vopofti^ial  Ii6|<136^  +  x).     T^is  j4  a  mkximlim  When 

;*8'8p.  /But  b«Wen^  =(7  apd«  =.  1^  I  ^nd  on}y  a  difference 
fahou^^per  cent  nem  a  mean  vmxh?.     ^        '  ' 

When  heat  is  given  to  a  gas  at  constant  volume  the  amount  of 
eat  is  proportional  to  the  change  of  pressure.  In  the  present  case 
lerefore  it  is  proportional  to  the  highest  gauge  pressure  (neglecting 
le  small  differences  in  specific  heat).  Hence,  what  I  call  indicated 
Mit,  is  the  ratio  of  the  highest  gauge  pressure  to  what  it  would  be  if 
1  the  heat  were  indicated. 

I  have  no  doubt  that  dissociation  is  the  explanation,  but  why 
lould  we  always  get  about  the  same  amount  of  dissociation  at  such 
ifferent  pressures  and  temperatures  ?  It  is  not  explainable  by  loss 
heat  to  the  cold  vessel.  Bunsen  used  a  very  small  vessel,  a  few  cubic 
ntimetres  capacity ;  Berthelot  used  a  vessel  4000  cubic  centimetres 
ipacity,  and  they  found  much  the  same  results  with  mixtures  of 
rdrogen  and  oxygen.  Clerk  asserts  that  he  has  obtained  practically 
16  same  result  with  mixtures  of  coal  gas  and  air  compressed  before 
piition.  Twice  the  pressure  before  (and  therefore  twice  the  heat 
vailable)  gives  twice  the  pressure  after  explosion  for  the  same  kind 
f  mixture,  so  that  we  still  have  only  from  50  to  (iO  per  cent,  of  the 
lett  developed.  These  results  are  in  agreement  with  what  we  find 
Q  Gas  Engine  Indicator  diagrams.  The  calorific  power  of  gas  is  always 
measured  by  reducing  the  products  to  the  temperature  of  the  room, 
•nd  it  may  be  that  we  never  do  get  this  heat  developed  unless 
re  reduce  the  products  to  a  temperature  less  than  that  of  these 
iplosion  experiments.  The  latent  heat  of  the  steam  formed  is  one 
art  which  must  always  be  wanting,  and  it  may  be  true,  albeit  not 
uite  easy  for  an  electrician  or  a  chemist  to  believe,  that  there  is 
unsiderable  dissociation  at  even  the  lowest  of  the  explosion  tempera- 
area  tried.  But  why  should  the  unindicated  energy  always  be  of 
bout  the  same  fractional  amount  ?   I  si^e  no  solution  of  the  difficulty. 

It  has  been  sho^Ti  that,  starting  ignition  with  a  small  spark,  the 
me  of  ignition  increases  as  the  volume  of  the  vessel  is  largtT — but 
'  mechanical  disturbance  or  artificial  projection  of  a  fiame,  the 
nitiod  may  be  made  almost  as  rapid  as  we  please  even  in  vveak 
ixtures  and  large  vessels. 

There  ia  still  much  to  be  done,  but  it  is  fairly  well  proved  that  we 
ly  look  upon  such  calculations  as  those  of  Art.  287  as  giving  us 
illy  the  efficiency  of  the  gas  engine  of  any  of  the  types  there 
ntioned  if  we  assume  that  only  00  per  cent  of  the  heat  of 
nlnuiion  is  really  given  to  the  working  .stuff  as  heat. 
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CHAP. 


I  am  sorry  to  say  that  the  only  other  set  of  published  experimentt 
on  the  explosion  of  mixtures  of  coal  gas  and  air  in  an  iron  vessel  gave 
much  smaller  pressures  than  those  of  Mr.  Clerk.  From  these 
t»x{wriments  I  make  out  the  formulae  : — 

p  =  104-7  -  5-71  X 
p  =  83-3  -  3-2  x' 

Whoro  t>  is  the  highest  gauge  pressure  in  pounds  per  square  inch; 
X  is  tho  volume  of  air  added  to  one  cubic  foot  of  gas ;  x^  is  the  volume 
of  air  together  with  products  of  previous  combustions  a^ded  to  one 
cubic  fiHU  of  ^\^1  g)is  before  ignition.  It  is  tolerably  certain  that  this 
result  cannot  be  more  than  roughly  true  for  other  sizes  of  vessel 
than  the  one  employed,  and  that  we  have  no  right  to  use  it  for  any 
CHSt^  in  which  the  prv^ure  is  that  of  several  atmospheres  before 
ignition.  If  wo  treat  tho  tir^t  of  these  results  of  Mr.  Grovers  as 
wo  tn\iitoil  that  of  Mr.  Clerk  we  find  that  the  most  heat  will  be 
nuiii'Htixi  when  .v  =  9ti5. 

Mr  Orovor  s  most  interesting  result  is  that  better  effects  are 
v^b:^m\i  when  S;Muo  of  tho  extra  air  is  unplaced  by  the  products  of 
jvx^^u^is  ov>*,nb;istio:i2v  It  will  be  interesting  to  know  what  effects 
ho  ob:v^:r.s  when  ho  u<o$  hi»:h  initial  pnMsur^s,  for  his  results  so 
tur  ,^T\'  :n  o.::si^:rw:iiori:  wi:h  c-ur  gas  engine  experiences.  The 
xvv.::v..^:'.     vr^v'tuv     ::   hivn.^    r.-:.\rlv   as    ereat    a  volume    of  old 

x^wv,;/*^  A^    ;•   iVA-sx   Air     ::    :<    i:n:rj:'.:    to  sav  exactlv   what  the 

•  •  • 

,  V.    .:    Ar.    >::.-.    a:::.^.  ::..- as-Jirviiirni^  of  air  admitted 

".    .-    *■  ^^:      -  ^v.:\:'..-:^   ::  :hr  use  of  a  scavontriiii: 

^    V  ^:\a:      :••-:-•_:  ::..    :  '-w:::v  ;:   .l-i  pr«:<luets  befon 

;•     >  "^     ■  .     "      .:>  r-y_A:i:ig  the    old    pnxluct;> 

N\  •■    ^  .•  r  "..v  ■..'".«.  *  .*  ri'irr  c*r-::;i":iSfr  tiitrv  ar».*  tc-' 
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1  vatve  closed,  was  ignited  by  an  electric  spark.  The  diagram, 
fig.  235,  showing  three  explosions  (AB  is  the  atmospheric  line)  has 
■  highest  pressure  of  48  lbs.  per  square  inch.  The  consumptioD  was 
iboiit  95  cubic  feet  of  coal  gas  per  hour  per  indicated  horse-power. 
When  the  speed  increased,  the  governor  acted  by  increasing  the 
proportion  of  air  from  6  volumes  to  12  per  cubic  foot  of  gas.  The  air 
wki  gas  were  admitted  by  two  slide  valves  worked  by  two  eccentrics. 
The  Hnffon  Bngliie  differed  from  the  Lenoir  only  in  having  better 
aeehanical  construction ;  ignition  was  by  a  flame  instead  of  the  badly 


1  electric  spark.  The  consumption  of  gas  was  reduced  to  85 
wbic  feet  per  hour  per  indicated  horse-power. 

Much  the  same  principle  was  employed  in  the  Biiohoff  engine 
wd  indeed  Fig,  236  fairly  well  represents  the  sort  of  diagram 
Stained  from  any  of  the  three. 

An  enonnous  improvement  was  effected  in  the  use  of  the  Otto 
•■*  XrfUigan  free  piston  vertical  cylinder  engine.     In  this  the  charge 


Ute  in  below  the  slightly  raised  heavy  pi^tton  and  was  ignited.  The 
•ton  rose  freely,  being  temporarily  disconnected  from  all  gearing ; 
ise  like  a  projectile,  giving  the  most  favourable  conditions  possible 
t  good  eflSciency  by  rapid  expansion.  Indeed,  less  on  account  of  the 
iter  jacket  than  of  this  rapid  expansion  the  pressure  became 
oaderably  less  than  that  of  the  atmosphere.  Students  who  have 
It^ed  exercises  on  the  Bull  engine.  Fig.  21,  will  understand 
e  matter.   The  piston  began  to  fall,  acted  on  by  its  own  weight  and 
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by  some  outside  pressure  due  to  the  atmosphere,  and  in  beginning  to 
fall  became  geared  to  a  shaft  which  therefore  now  received 
mechanical  energy.'  I  am  ostouished  that  the  gas  per  hour  per  bimk*? 
horse-power  was  not  even  tower  than  the  44  cubic  feet  actually  found 
^y  experiment,   because   there   was  coolness   before   ignition    anc~] 


Cylludcr  S|  Incb  itUmster,  111  Inch  >l»k<<.    U£reT>.  pgr  mlniits.    Sotla  1  Inch  to  M  lis. 

therefore  probably  good  combustion  with  plenty  of  time  for  it,  aad 
these  were  combined  with  rapid  and  large  expansion. 

Many  thousands  of  these  engines  were  in  use.  Their  noise  enabkd 
the  less  noisy  '  silent '  Otto  Engine  to  be  rapidly  introduced. 

In  spite  of  these  favourable  conditions,  a  careful  examinatioo  it 
the  diagram  shows,  and  especially  when  the  more  dilute  mixtoKi 
were  used,  that  there  must  have  been  combustion  going  on  to  theeod 


of  the  stn)ko.  We  nicd  not  say  thnt  this  is  altogether  due  to 
dissociation.  Ignition  goes  on  more  slowly  in  a  more  dilute  mixture  at 
a  lower  pressure.  Fo.ssibly  a  less  rapid  starting  of  the  piston,  the  use  oi 
a  heavier  piston,  would  have  increasvd  the  efficiency.  I  am  told  that 
the  consumption  in  Monie  of  the  larger  forms  of  these  engines  was  as 
low  as  30  cubic  fi-ct  of  gas  per  hour  per  indicated  horse-power.  In  the 
Brayton  Engine,  the  mixture  of  gas  and  air  was  compressed  to  75 
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r  95  (In.  )M.-f  square  inch  absolute,  and  igaited  as  it  passed  into  tha  I 
irking  cylinder  through  a  metal  grating.  Combustion  occurred  at  I 
_v  constant  pressure:  there  were  cut  off,  expansion, release  and  Ireah  I 
nis&ion,  just  as  in  a  steam  engine.  An  engine  of  4  brake  or  5  J 
hflicated  horse-power  seemed  to  consume  about  280  cubic  feet  of  gai 
r  hour. 

The  first  good  oil  engine  was  a  Brayton  gas  engine  using  oil,  I 

iniik]>ed  in  and  burning  with  the  compressed  air  just  like  the  gan.     It  I 

■^tras  VFondcrfuUy  steady  and  to  be  relied  upon  for  not  getting  out  of  1 

nler.     It  consumed  about  2  lbs.  of  oil  per  hour  per  indicated  horse- 

The  Simon  gaa  engine  was  a  modified  Brayton  engine. 

The   Otto   engine '    has   four  operations   in  one  cycle   of  two  I 

tvolutions.     It  looka  much  like  a  single  acting  steam  engine  with  I 


ink  piston,  with  sturdier  frame  and  parts  than  usual.  Cold  vfMex 
I  kept  circulating  through  the  cylinder  water  jacket  WJ.  The 
voluini^'  of  the  clearance  sjtoce  has  gradually  been  diminished  from 
two-fiflhs  of  the  volume  when  greatest,  to  one  sevttnth.  I  use  with 
Ktudiuits  the  large  lecture  model  fig.  239,  which  has  the  old  slide 
method  of  regulation  now  discarded ;  discarded  because  of  the  greater 
pnosures  used  now.  The  exhaust  (conical  seat)  valve  E  is  closed  by 
a  spring  Olid  is  opened  bytheleverZ  worked  by  thecam  T'on  the  shaft 
S  which  makes  one  turn  for  every  two  of  the  engine.  A  crank  D  on 
this  shaft  gives  a  reciprocating  motion  to  the  slide  &  The  flame  F  in 
aB«d  for  ignition.     When  the  slide  is  properly  placed,  the  passage  B 


1 


pnetlo*!  niecMi 


ISTfl  iiMtle  iKe  •ngine.  p«teiit«il  by  Botu  da  Rooluu  ii 
mad  M)  It  u  >t«mvi  »U«d  the  Otto  «iiguia. 
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allows  air  to  be  sucked  from  A  and  gas  from  0  in  proper  propor- 
tions into  the  cylinder,  and  they  mix  with  the  products  of  previous 
combustions  left  in  the  clearance  space.  The  usual  mixture  is 
1  of  coal  gas  to  about  11  of  air  and  products. 

This  goes  on  during  the  whole  forward  motion  of  the  piston.    Id 
the  back  stroke  the  mixture  is  compressed  sometimes  to  more  than 
100  lbs.  per  sq.  inch.     It  is  interesting  to  note  on  the  model  how 
the    small   chamber  is  filled   with  gas,  and  coming   opposite  the 
flame  F  is  ignited,  and  how  this  chamber  full  of  ignited  gas  comes 
opposite   the  cylinder  passage  just  before  the  dead  point  position 
There  was  a  certain  amount  of  complication  in  the  way  in  w^hich  it 
communicated  with  the  passage  especially  in  large  engines,  so  that 
ignition   might  really  be   effective;    and   it   is    one   of  the   most 
interesting  things   in   connection   with   gas  and   oil   engines,  that 
although  the  ignition  chamber  might  and  often  did  communicate 
with  the  explosive  mixture  before  the  end  of  the  stroke,  yet  ignition 
did  not  really  occur  until  the  end  of  the  stroke.     The  piston  moves 
slowly  near  the   ends  of  its  stroke  and  this  conduces  to  effective 
ignition.      Ignition   occurs  with   remarkable  rapidity,  the  pressure 
rising    100   lbs.   per  sq.  inch   (usually  accounting   for  about  half 
the   total   heat   of   the   gas    supplied),  and   as   the   piston   moves 
forward  the  stuff  expands,  and  the  pressure  fstlls.     Before  the  end 
of  the   forward  stroke  the    exhaust  valve  open3,  the  stuflf  rushes 
away  through  an  exhaust  chamber  and  the  exhaust  pipe.      At  the 
end  of  the  back  stroke,  products  remain  in  the  clearance  space,  and 
one  cycle  is  complete.     The  usual  governor  closes  the  gas  supply 
when  the  speed  is  too  great,  so  that  an  explosion  is  missed.     There 
is  another  kind  of  governor  which  throttles  the  gas  supply  so  that 
there  is  some  kind  of  mixture  exploded,  rich  or  poor  in  gas,  every 
cycle.     There  are  some  curious  kinds  of  governor  in  use,  but  the 
ordinary  centrifugal  form  is  as  good  as  any.     The  engine  is  started 
by  lighting  the  gas  jet  F,  turning  on  the  gas  supply,  and  giving 
a  few  turns  by  hand  to  the  fly  wheel  until  an  explosion  occurs.     In 
large  engines  a  second  cam  keeps  the  exhaust  open  for  part  of  the 
compression  stroke  during  the  starting  of  the  engine.     About  half 
the  total  heat  energy  was  usually  carried  away  by  the  water  of  the 
jacket ;  about  30  jkt  cent,  went  off  in  the  exhaust  and  about  16  per 
cent,  was  accounted  for  by  the  indicator  work.     The  exhaust  gases 
were  at  about  400*^  to  450°  C. 

In  the  diagram,  Fig.  240,  D  is  the  drawing  in,  C  is  the  compression, 
/  is  the  ignition,  E  the  expansion,  RA  is  the  exhaust.  The  use  of  a 
planimeter  is  the  easiest  way  of  getting  the  true  area  of  the  diagram. 
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hough  it  IS  not  difficult  to  recollect  what  are  positive  and  what 
&  negative  breadths.  After  a  missed  explosion,  the  ignition 
essure  is  usoally  higher,  because  the  passages  are  cooler,  and. 
ierefore,  a  greater  weight  of  gas  enters ;  also  the  clearance  space 
18  air  in  it  lather  than  products  to  mix  with  the  new  charge.  In 
iSly  an  engine  giving  9  brake  horse-power  and  11*5  indicated, 
sed  250  cubic  feet  of  Glasgow  gas  per  hour  (Glasgow  gas  is  much 


l>^tter  than  London  gas).  It  was  not  uncommon  to  find  that  the 
indicated  work  was  18  per  cent,  of  the  total  calorific  energy  of  the 
^haige. 

Laiyv  •nglnes  are  more  efficient  than  small  ones,  probably 
l^ecaose  of  the  relatively  smaller  cooling  surface.  This  is  ver\' 
evident  firom  the  following  trials  of  Otto  engines  of  different  sizes. 
Eflfciency  here  means  the  ratio  of  indicated  work  to  the  calorific 
^neigy  of  the  gas  in  one  charge. 


Nearl 
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If  ignition  occurred  at  absolutely  constant  volume,  and  if  all  the 
teal  were  accounted  for,  and  the  compression  and  expansion  were 
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adtabatic,  and  if  the  clearance  were  in  the  ratio  1  to  r  of  the  greatest 
volume,  it  is  easy  to  show,  as  in  Art.  473,  that  the  efficiency  is 


=  >-(i)'-'     •    •    •    (» 


and  as  7  =  1*37,  the  greatest  efficiency  possible  when  using  the 
Otto  cycle,  and  r  is  5,  is  45  per  cent.  For  good  reason  we  cannot 
expect  to  get  an  efficiency  approaching  this,  but  it  is  interestiif 
to  note  from  the  following  tests  that  as  r  increases  the  efficiencv 
increases. 

Trials  as  to  Compression.  The  same  engine  was  used  in 
the  two  tests  except  that  the  size  of  the  clearance  space  was  altered 

Pressure  (abs)  before  ignition  75  105 

Cubic  feet  of  gas  per  I H  P  hoitr  19  17*6 

This  result  was  surely  to  be  expected.  I  have  put  this  strongly 
to  students  for  the  last  eighteen  years,  and  I  am  inclined  to  think 
that  the  superiority  of  the  modem  gas  engine  is  mainly  due  to 
the  better  recognition  now  of  the  importance  of  small  clearanw 
or  large  r.     The  Table,  Art.  277,  will  bring  this  out  strongly. 

The  actual  diagram  of  an  Otto  engine  is  in  no  way  very  different 
from  the  hypothetical  diagram  of  ignition  and  release  at  constant 
volume  and  two  adiabatics,  except  in  only  about  55  per  cent,  of  the 
heat  of  the  charge  being  given  in  the  ignition. 

273.  In  Atkinson's  differential  engine  a  curious  mechaniso] 
was  employed  to  give  a  very  rapid  motion  to  the  piston  just  after 
ignition  so  that  cooling  should  be  more  the  effect  of  expansion  than 
be  due  to  the  water  jacket.  This  principle  is  the  most  important 
thing  to  remember,  but  the  mechanism  by  which  it  was  carried 
out  was  complex  and  troublesome. 

The  Atkinson  engine  was  very  efficient,  mainly  due,  I  think,  to 
this  rapidity  of  expansion,  but  also  for  the  following  reason.  Suppose 
that  we  have  the  Otto  cycle,  as  shown  in  Fig.  241,  AB  C  D,  and  we 
have  settled  the  best  compression  pressure.  Now,  instead  of  letting 
the  stuff  escape  at  (7,  let  it  continue  to  expand  to  E,  by  making  the 
cylinder  larger,  without  altering  the  clearance  space  or  volume  of 
charge  admitted,  we  get  the  extra  work  C,  E,  F,  D,  with  no  further 
expenditure  of  energy.  To  be  strictly  correct  we  ought  to  say 
0  E  F  D^,  where  FI^,  or  BD^,  is  twice  the  pressure  which  repre- 
sents the  friction  of  the  engine  dice  to  this  increased  part  of  the  cyde. 

The    curious    mechanism    used  gave    trouble,   and    Atkinfon 
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(Dted  another  carious  form  of  engine  (called  the  cycle)  to  cany 
the  same  idea,  the  four  strokes  made  by  a  piston  in  one  revo* 
on  beii^  all  unequal.  This  engine  has  also  been  given  up  in 
e  of  the  wonderfolly  good  results  obtained,  and  Mr.  Atkinson 
structed  another  engine  with  only  the  ordinary  piston  and  con- 
ting  rod  mechanism,  whose  action  is  probably  likely  to  be  copied 
the  future,  when  impuUe-eviry'revoltUian  engines  will  probably 
largely  used ;  although  I  think  that  it  is  not  now  being  made. 
i  side  of  the  piston  pumps  air  into  a  chamber  at  20  lbs.  per  square 


Fio.  S41. 

Ii  (absolute).    The  air  flows  through  a  valve  to  the  other  side  of 
piston  and  causes  exhaust  gases  to  escape  faster ;  this  air  is  now 
ipressed,  receiving  a  mixture  of  gas  and  air  at  sufficient  pressure 
n  a  pump. 

Since  1884  I   have  urged  the  importance   of  the  two  ideas 
Ixxiied  by  Mr.  Atkinson  in  his  engines.    The  exercises  in  Art.  287 
w  the  gain  due  to  increased  expansion.     The  rapid  expansion 
ses  less  heat  to  be  given  to  the  metal.     Unfortunately,  in  practice 
(  found  that  although  there  is  less  heat  given  to  the  water  jacket 
D  in  the  Otto  cycle  engines,  more  heat  goes  away  in  the  exhaust. 
There  are  other  impulse-ever}'-revolution  engines  which  are  more 
ess  based  on  the  principle  first  worked  out  by  Mr.  Clerk. 
There  have  been  many  suggestions  to  use  spray,  or  wet  steam 
ie  the  cylinder,  to  carry  oflf  the   heat  and  to   utilise   part  of 
Q  a  six-stroke  cycle.    They  have   failed  through  difficulties  of 
tion. 

O    G 


ihK)  THE    STEAM    ENGINE  mii 

fl74.  On  the  expiry  of  the  Otto  patent  in  1890.  then-  «fci 
fjrent  fall  in  the  price  of  gas  eugines.  Engines  on  the  OlW  ctik 
were  so  well  developed  that  few  other  engines  are  made.  Dotoi 
giw  ha*  become  extensively  employed.  The  principal  improvcraaa 
L'tfected  since  1886  consists  in  the  diminution  of  the  cleanUN 
■paoe.  It  has  always  been  known  from  formnla  (1)  of  2Ti.Uil 
tiiis  would  effect  increased  economy.  It  is  now  being  carried  Ml; 
the  increase  of  economy  exceeds  anticipations,  and  it  is  to  cm* 
prtfssion  more  than  to  anything  else  that  the  increased  econnBJ 
is  due.  But  besides  increased  compression,  the  improved  dfajli 
and  sixc  of  valvei  and  ports  lets  the  fresh  charge  in  at  higW 
pn«8ure.  and  let*  the  exhaust  gases  escape  more  freely ;  ii  ' 
the  ol<l  throttling  has  been  done  away  with.  In  the  old  ski 
the  opi-nings  had  to  be  small,  otherwise  the  pressure  on  the  slidf 
became  veri*  great,  and,  indeed,  this  risk  of  pressure  oi 
slide  used  to  make  it  difficult  to  use  high  compression,  Slidn 
arc  now  no  longer  used  and  an  ignition  tube  is  used  m<<^ 
of  a  dame.  The  ports  now  present  less  area  to  the  incoiiimi 
chargv,  and  other  sources  of  absorption  of  heat  during  igoiiw". 
such  as  contractions  where  dame  passes,  are  done  away  "i"- 
The  student  will  see  from  our  iheorj-  of  flues.  Art.  377,  tlB 
thf-re  must  be  extraordinarily  more  heat  given  to  the  metal  b]' 
throttling  action,  for  example  at  the  exhaust  valves  than  in  »]' 
other  way.  It  is  sometimes  thought  to  be  verj*  convenient,  M 
sv-vorul  rx,'asons.  to  have  all  the  port^,  valve  seats,  ic.,  in  one  ca-'iuij 
which  may  be  bolted  on  to  a  cylinder,  but  this  convenience  is  oft^ 
gained  by  having  nanMnv  ports,  a  gn^at  source  of  loss  of  efficientji 
absent  in  thi>  best  modem  engines.  There  are  also  changes  to  incnASc 
strength  and  dimini^  c\'6t  of  manafoctore^  The  cross-head  gaiie 
now  ill  onv  CHSting  with  the  cylinder,  or,  rather,  there  is  no  era 
ht\u1.  uwivly  a  long  trunk  piston.  The  bevil  wheels  driving  the  siJe 
shaft  are  now  svtvw  gecir,  aud  this  has  made  the  engine  bed  in^ 
syni  metrical 

F'ig^,.  i43'0  show  iMie  toru,  and  Figs>  24i-9  show  a  smaller  foM 
i>f  tho  iiMd«ni  Oroialcy  Otto  engine  cylioder;  gas  enters  die  tf 
^Mtea^'  by  a  coniciU  ralve.  lifted  by  a  lever  and  cam,  aiwl  conlroU*. 
hy  thf  go*vrti«*r.  which  either  imIuhis  gas  well  or  not  at  alL  The* 
tuv  w»'ll  shown  ixt  Figs^  247-9.  lias  and  air  enter  the  cylinder  lif 
c>«at\til  talre  A.  Fi^.  i4S«  opefH^t  by  a  lev«^,  acted  im  by  a  cam- 

Tth-  exhaust  S.  is  ako  «  conical  valve  actoaied  bv  a  k* 
umI  mm. 

IgaiUM  «cc«r»  wfcn  fi>n  of  Uk-  cowpressed  stuff  enters  the  tahe 
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%  242,  kept  hot  by  a  Bunsen  burner.  Thus  admission  occurs 
■ugh  the  double-seated  valve  V,  which  is  worked  by  a  lever  and 
.  The  valve  V  allows  the  tube  7"  to  be  open  to  the  atmosphere 
t  it  lifts  from  one  seat,  and  then  a  small  amount  of  iuflaaimable 
rdisjJaces  the  previous  products,  so  that  there  may  be  certainty 
piition. 

rhere  are  many  smalt  engines  mode  in  which  there  is  no  vatva 
reen  the  hot  tube  and  the  cylinder.  It  ia  found  that  we  can 
fnd  upon  the  ignition  not  taking  place  till  the  end  of  the  com- 


Tub«  k<pt  hot  b; 


000  stroke,  and  then  it  is  certain  to  occur ;  suioly  one  of  the 
'  carious  of  phenomena  I  It  is  probably  related  to  the  fact  that 
Dg  fluid  seems  more  unstable  when  expanding,  so  that  there 
be  •  81*0^  starting  of  eddying  motion  at  the  beginning  of 
(tooke. 

;7A.  BmTmglllff  seems  to  be  undoubtedly  beneficial.  It  is 
Uly  valuable  in  engines  using  Dowson  gas.  Among  other 
ita  we  may  notice  the  greatly  dirainishe<l  chance  of  an  t-xplosion 
e  incMoing  charge  through  meeting  the  hot  oxhaui^t  gases. 
aftar  me  or  more  missed  explosions,  an  explosion  is  much  more 
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Tiolent  and  hurtful  to  the  engine  when  scavengiag  u  not  em[ 
Hence  scavenging  enables  l&i;ger  and  cheaper  engines  to  be  btu 
these  engines  might  nse  much  hotter  jacket  mtter.  It  is  effec 
the  Modem  Otto  Cycle  engine  in  the  following  ingenious  waj  1 
Atkinson.  The  stuff  in  the  long  exhaust  pipe  (65  feet  long)  gel 
a  state  of  vibration  like  the  air  in  an  organ  pipe,  and  by  givinj 
proper  length  we  get  the  cylinder  to  be  partially  vacnons  (2  lbs. 
atmospheric  pressure)  at  the  end  of  the  exhaust  stroke ;  conseqi 


the  exhaust  valve  being  kept  open,  a  valve  is  able  to  adm 
which  drives  out  most  of  the  remaining  gases  and  indeed  ser 
cool  the  passage  through  which  the  incoming  charge  now  < 
This  contrivance  acts  better  for  well  loaded  engines  than 
load  is  variable.  Scavenging  is  effected  in  the  Walla  (Pr« 
engine  by  pumping  air  into  the  cylinder. 

Figs.  243  and  244  show  the  shapes  of  the  passages  and  pisto 
&c,  which  facilitate  this  scavenging  action.  The  common  Ci 
Otto  engines  range  trom  100  brake  horae-power  at  230  revol 
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per  millDte,  to  1 J  horse-power.  The  brake  power  is  usually  2  to 
t  tiines  the  Qominal  power.  The  makers  aow  guarantee  1  indicated 
kne-power  for  16)  cnbic  feet  of 
p»  per  hoar,  or  17  for  the  smaller 

There  are  many  forms  of  engine 
WBDg  the  Otto  Cycle  now  manu&c- 
tmd.  Art  277  shows  the  improve- 
■ent  effected  since  1881. 

There  is  an  engine  used  for 
dectric  lighting  which  gives  170 
Imke  horse-power  on  full  load, 
ung  a  goTemor  which  reduces 
the  supply  of  gas  and  air  simul- 
lueoady,  bat  misses  no  explosions. 
Tie  compression  pressure  varies  from  20  to  75  lbs,  (absolute).  The 
molt  is  K  speed  fluctuation  of  only  three  per  cent. 

I  am  told  that  Uessis.  Tangye  use  a  curious  method  of  cooling 
the  Jacket  water  by  the  atmosphere.  The  water  is  sprayed  to  the 
nof  of  the  engine  room,  and  is  caught  again  in  gutters. 

976.  8^-Btartlnff  Qear.  The  form  most  in  use  is  Mr.  Clerk's, 
u  improved  by  Mr.  Lanchester  and  shown  in  Fig.  246.  When  the 
fligine  is  stopping,  the  valve  V  is  opened  so  that  the  cylinder  C  and 


pipe  P  and  chamber  .£*  get  tilled  with  air  sucked  in  through^.    To 
Airt  the  engine,  the  gas  cock  0  lets  gas  flow  into  JiTand  P,  and 
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oilhiM-  by  RiiiiUicv  iiopk  or  the  exhaust  valve  into  the  cylinder  C.  Tfe 
flttiiu-  F  U  lighted  and  presently  gas  escapes  through  Z  and  biinisMlir 
tlaiue  F,  0  is  now  closed  and  the  flame  at  Z  shoots  bat-k  (in  a  nj 
familiar  to  pooplo  who  use  gas  stoves)  igniting  the  stuff  in  K.  clean 
thu  vhIv«  Z  against  an  upper  face,  and  the  ignition  proceedii^  ^ 
/•reaehes  t\w  cylinder.  A  maximum  pressure  of  200  lbs.  ^r^m 
inch  is  niched  in  tho  cylinder,  quite  sufficient  to  stajt  the  ei^ 
Wht-n  lower  stiirting  presH«r«s  are  sufficient,  a  much  simpler  ittitt 
ii  uswl  in  which  tht'iv  is  no  vessel  like  KP  to  supplement  the  voli* 
<»f  the  cylinder  itsvlf.  [January,  1899.  I  have  just  tested  engiw 
with  II  later  form  of  starter.] 

977.  In  the  following  table  the  four  Crosslcy  engines  marked 
will  give  tbi'btwt  illustration  of  the  improTement  p»ingon.  Hemj 
I  give  also  their  efficiencies  as  calculatt-d  by  the  formula  (1),  Art- i'-| 
It  nmy  b*-  ronjcclurwd  that  in  the  last  case  the  efficiency  might  p 
bftl>ly  ouly  W  -22  wilhon;  scavenging.  Other  fiicts  indicat*  some  sai 
gain  tsay  M  )vrc«nt.>  due  to  scavenging.  It  must  be  remcmba^ 
ihitt  the  iitloritic  power  of  gas  in  London  has  altered  a  little  since  ISSl 
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lu  nhe  luce^c  type  of  ttriflUi  Covx-Tiindts-  ei^ine.  i 
compt>fs«i.iii  oivur  i.>u  oat  side  of  i^oiA  piston  and  i^nitioo  aad  ajt 
sioa  ou  the  other  sixle.  ^DtfmaceU'.  so  cbsE  chei«  ai«  two  exiikNOBI 
revolacti.'u.  Workevl  wish  i>>wsoa  gas  shers  is  a  s^ewBem  iadiati 
(fOO  h..'r*tr-pt.'wyc  m  tiO  revolutioos  per  minne.  Tbe  Btackpi 
eoj:iUrt.fruiu  I  So  iiH>  br^ehorse-puwernmU&om^lOtolSORm' 
Ewits.  F^rr  larmier  puwers  nwu  cylmducs  are  ua«(l  '^■*'^'~  grade 
sitie.  lu  a  -100  horjt-[jowt;r  iuouuibUi  ax  Oodalmmg:.  tke  gMUi 
tc^u^iliy  oonCTuIs  iihe  ^cas  supply  to  onlv  ua«  t>f  tbf  ii  iKmIiii  1 
tftmmes  iu>;  single  L-ylindw r  liom  i-  U  125  fe 
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lod  two-cylinder  from  86  to  292  brake  horse-power.  With  Iar(f« 
c)'Iinder5  a  large  and  small  exhaust  valve  are  used,  the  smaller  having 
>  slight  lead.  Also  the  cam  and  lever  open  the  gas  valve  through  a 
wGondar}'  lever  and  tumbler  to  prevent  wear.  The  Acme  or  Burt 
engine'  is  aaid  to  be  "compound,"  but  it  merely  carries  out  the 
Atkinson  Cycle  principle.  It  is  said  to  use  (the  6  hoise-power 
nNDtnal  size)  18J  cubic  feet  of  gas  per  brake  horse-power  hour.  I 
might  greatly  extend  this  catalogue,  but  indeed  there  is  nothing 
specially  interesting  in  the  30  or  40  types  of  gas  engine  now  being 
mann&ctured  in  this  and  other  countries.     Mr.  Donkin  in  his  book 


i)  gives  the  results  of  a  great  many  tests,  with  the  names  of  the 
nperimenters  and  references. 

378.  Prof  Burstall  recently  read  before  the  Institution  of 
Jteehanical  Engineers  a  preliminary  report  of  exparlmenti  on  a 
anall  gas  engine,  Figs.  247-9,  in  which  various  things  might  be 
tjtered  separately.  He  could  alter  the  clearance  by  removing  a 
Jnnk  ring  on  the  end  of  the  piston.  He  could  also  alter  the  length 
«r  the  connecting  rod.  He  measured  the  air  as  well  as  the  gas  [the 
Bnmbere  for  air  are  corrected  for  air  in  clearance  space] :  he  used  a 
^Kcial  electric  method  of  ignition,  an<l  a  timing  valve.  But  what 
be  did  Uevident  from  the  table,  i>agi'  457.  The  braki?  horsc-powt-r  may 
lie  calculated  from  the  indicated  ]H)werby  the  fLinuula  .B  =  -721  +  0'2. 
The  blowing  is  the  composition  of  the  gas  by  volume ;  '045  of 
Mftvy  hydrocarbons  (taken  to  be  C,ffo),  007  of  0,  "059  of  CO,  -353  of 
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The  results  seem  to  indicate  that  eomomy  greatly  depend§  upon 
the  ratio  of  air  to  gas,  and  that  more  air  ought  to  be  used  when  moie 
I  used.    It  is  worth  while  noting  how  complete  the 


Si4la    El»vai*an- 


combustion  may  be  before  exhaust,  and  I  believe  that  it  genernllj' '" 
very  complete  in  ordinary  gas  engines. 

Ttiachers  will  find  materials  for  a  great  number  of  exerrises  W 
<'teinentar}'  students  in  the  tablt^     Pur  example  : 

1.  Find  in  ever\'  case  the  greatest  possible  efficiency,  by  ih^ 
formula  (1)  of  Art,  272, 

2.  Find  in  every  case  the  oxygen  in  the  exhaust  if  combustion  i* 
perfect. 

3.  Taking  pressure  at  the  beginning  of  compression  as  14  lbs.  pf 
sijuare  inch,  and  assuming  that  the  law,  ^n-"  constant,  is  true,  find  n  if 
every  case. 

4.  Find  what  the  higho.st  pressure  would  be  in  every  case  if  all  tht 
heat  entere<l  the  stuff  at  cunstaut  volume. 

'>.  Check  the  niiniK-rs  in  column  14  from  those  in  12  and  13. 
379.  Oil  BnfflDM.     tias  may  l>e  produced  from  safe   bumtnj 
oils  and  unchI  like  coal  gas  in  a  gas  engine.     An  oil  engine  is  suppliei 
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with  oil,  not  with  oil  gas.  It  is  Dot  usual  to  include  among 
engines  the  vapour  engines  which  use  dangerous  light  oil.  In  wi 
the  oil  is  sprayed  so  as  to  be  in  the  state  of  finely  divided  liq 
particles  in  air;  the  air  easily  vaporises  the  liquid  drops,  and 
explosive  mixture  is  used  as  in  a  gas  engine.     Or  the  engine  dr 


air  through  a.  liquid  "  gasoline,"  and  this  mixes  with  more  aii 
the  cylinder,  the  Otto  cycle  being  followed. 

Safe  burning  oils  with  flashing  points  (Abel  test)  above  73'  F. 
used  in  engines  in  the  following  ways. 

1,  Priestmnn.  The  oil  is  sprayed  so  as  to  consist  of  fii 
divided  liquid  particles  in  air,  and  when  this  ia  heated  to  260^ 
by  the  exhaust  gases,  the  liquid  particles  become  vapour,  leaving 
residue  ;  this  vapour  is  drawn  into  the  cylinder  with  more  air,  jui 
gas  is  diiiwn  into  ii  gas  engine.  The  theory  of  the  action  and 
cycli-  of  oiH-rations  art'  exactly  th.».so  of  gas  engines.  A  defect  of 
methml  is  that  during  compression  we  are  dealing  with  a  vapour, 
a  gas,  and  high  pr(>ssuri'»  tend  to  produce  liquebction  ;  this  is  i 
marke<l  wht-n  thi-  heavier  and  cheaiwr  kinds  of  oil  are  used. 
liqui-tied  oil  lubricaU's  the  cylindt-r. 
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2.  Hornshy-Ackroyd,    The  oil  is  injected  into  the  cylinder,  or 
ather  into  a  very  hot  recess  at  the  end  of  it,  and  vaporised  there. 
'    3.  The  oil  is  vaporised  in  a  small  gas  or  vapour  producer  kept 
rery  hot,  external  to  the  cylinder,  and  introduced  as  vapour. 

Gas  and  oil  engines  in  England  use  the  tube  ignition,  or  what 
X)mes  to  much  the  same,  ignition  by  the.  hot  surface  of  the  combus- 
ion  chamber ;  but  in  America  and  Germany,  ignition  by  the  electric 
park  is  quite  common,  probably  because  mechanical  engineers  have 
ome  electrical  knowledge  in  those  countries.  The  flame  igniter 
8  never  used  now.  In  England,  the  electric  igniter  is  used  only  in 
he  Priestman  oil  engine,  I  believe.  Ignition  by  the  hot  surface  of 
lie  combustion  chamber  seems  to  be  finding  greater  favour  with 
he  makers  of  gas  and  oil  engines. 

980.  Mineral  Oil.  If  I  were  devoting  my  attention  to  the 
Invention  or  improvement  of  an  oil  engine,  I  would  make  a 
»refiil  experimental  study  of  the  physical  and  chemical  properties 
rf  oils.  In  use  there  are  American  and  Russian  petroleum, 
mhI  Scotch  paraffin  oils.  Crude  petroleum  is  a  mixture  of  gaseous 
liquid  and  solid  hydrocarbons.  American  oil  consists  mainly 
rf  the  paraffin  series  of  hydrocarbons,  C^H^^+g,  but  there  are 
Jso  some  olefines,  C^Hjo,  whereas  the  Russian  oil  consists  mainly 
rf  olefines,  or  rather  naphthenes,  CnHg^^.^Hg.  The  student  will 
lo  well  to  go  to  Mr.  Clerk's  book  for  a  few  elementary  notions  on 
Ae  complex  chemistry  of  these  oils.  It  is  not  generally  knoA\Ti  that 
fe  Clerk  early  in  life  paid  great  attention  to  the  subject.  The  most 
nteresting  thing  is  that  if  a  heavy  member  of  the  paraffin  series 
listils  oflf  from  an  oil,  and,  after  liquefying,  drops  back  on  the  hotter 
il,  it  cracks  or  decomposes  into  a  lower  paraffin  and  an  define  and 
irbon.  This  fact  is  of  importance  in  the  refining  of  oils.  At  a 
igli  enough  temperature,  we  may  get  any  of  them  decomposing 
)  marsh  gas  and  carbon,  possibly  with  hydrogen.  Merely  heating 
1  oil  in  a  closed  vessel  does  not  seem  to  decompose  it ;  for 
Fective  decomposition,  it  is  necessar}'  to  distil.  The  volatile 
luids  "  petroleum  ether,"  and  "petroleum  spirit  or  naphtha/' 
iiich  are  easily  distilled  from  American  petroleum,  are  called  dan- 
!fou8.  The  common  burning  oils  have  a  flashing  point  not  lower 
an  73*  F.,  as  tested  by  the  Ahtl  apparatus,  which  every  student 
ght  to  practise  the  use  of. 

On  verj-  gradually  heating  American  Royal  Daylight  oil,  Prof. 
^binson  found  that  it  begins  to  boil  at  144"  C.  At  215*  C,  25  per 
at  of  the  stuflf  has  distilled ;  at  230°  C,  35  per  cent,  has  been 
itilled    at  aOO**  C,  76  i>er  cent,  has  come  over;  at  840*^  C.  82  per 
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cent.»  and  at  SSS""  CS.,  his  highest  tempeiatme,  he  still  had  a  residoA. 
The  colour  gradually  darkens  during  the  heating:  All  oib  evaponto 
in  this  gradual  way  because  they  are  mixtures^  and  at  high  tempen* 
tures  the  constituents  decompose  and  leave  a  reaidne  of  carbon  or 
tan  But  it  is  easy  to  charge  air  with  their  vapour  at  much  lover 
temperatures,  leaving  no  residues.  Some  of  these  constituents  wiuek 
cannot  be  driven  off  by  direct  heat  are  easily  and  completely  disfeilkd  I 
by  blowing  superheated  steam  through  the  liquid  Efen  tkei 
bubbling  of  air  through  oil  will  allow  it  all  to  go  off  in  vipov  I 
without  leaving  a  residue.  The  surfiices  in  copibustion  chanAatl 
need  not  be  nearly  red  hot,  either  fixr  vaporising  the  oil  or  ignituy 
mixtures  of  oil  and  air,  and  this  is  specially  true  in  the  case  of  richer 
mixtures  and  heavier  oOa. 

&81.  In  the  Pttostuui  mntftam.  Fig.  252  is  the  spray  prodnccL 
OilcomesaloQg  OXfiomatank  with  air  pressure  above  its  oil  of  5  h 
per  square  inch  (gaugeX  and  its  fine  jet  at  Z  meets  air  b(m  J 
(coming  from  the  same  tank)  in  such  a  way  that  the  spray  clood  ii 
produced  passing  into  the  vaporiser,  Fig..  253,  at  £  The  qnj 
vaporisiM  hei«  at  about  200*  F.,  the  tonpamture  of  the  surroundng 
exhaust  passage  being  about  600'  F.  Air  passes  through  the  vahe 
L  and  pas«  the  thiutUe  valve  Q  and  by  many  hdes  a,  (  to  thi 
vapcriwr.  and  the  explosive  mixture  is  sucked  into  the  cylinder  1)j 
tho  inlot  valvt*  /,  Fig,  251  (the  explosive  stuff  in  the  vaporiser  is  i 
^ja^niTvv  of  ti;iu\gv>rV  The  f^stcoi  D  comfvessaes  the  charge  and  at  the  end 
of  tho  s:r\^ko  Jui  cUv:rio  $}\irk  passes  between  two  platinum  points  at 
5 ho  o:Ki  v^:*  -V.  1:  v\>si2?  aWui  a  penny  per  day  to  maintain  the 
h;ohi\^:v»A:^  K^::<rv  ::5>oii  :o  work  the  induction  sparking  coil.  It 
x^vv,;\i  Iv  v.'.uoh  K:ur  :o  use  a  v\>up!e  of  small  s^econdazy  cells.  The 
sjvurk  :;!i  :::v,tv.  bv  v\v^:ac:  piect'^  K.  Fig.  250»  operated  bv  the  eccen- 
ino  :\xi  if.  >Ah:»:^h  w.vris  the  t>;::iH>  i*.  diivins:  air  into  the  oil  tank. 
Tho  i\\\  r.tr.."  n^aA  Has  iauf  tbe  speed  vf  the  crank  shaft :  the  oil 
tAr,k  hAs  A  ri*>.t:  ^:Al\i\ 

The  rt^:  ,  t  ;hc  ,^v-k  :s  >.kt  liia:  v\f  a  c»s  emrine,  E,  Fijj.  251.  i^ 
tho  rvhA'.is:  x'aIw.  r-,  ;he  v-^.is?  be&d.  The  governor  turns  the 
thrv-nU*  sy.*.ri,V.i  •:'.  F^c  :^?kv  ^iij^h  iias  an  oil  passage  thiv^ngh  i: 
to  .V.  ?k'  :>.a:  S.  :>.  a:t  a:::!^  .c"  atv  iv*r::'*a*<?d  in  quantity.  To  star 
the  %  "crjv*  :>.;•  >»Ar?.i  xviv.^r-  :s  -.^^^^i  to  s^od  ccl  through  the  spraving 
v.,^:^^'  a:v.  ..,".  svrs,^  :>  :\ct,v;vI  :r:  :b-  bt«>T  H^  Tiz-  250.  which  mixes 
>fc\:>  A.T  a:v.  c^i's  A  ^  ^i  fiAr.j;c  .  :in>  Deeded  in  staninir*  •">  teal 
tJ^v  x::^;v':i?<r  /     ^V  r-c. :  r.-.s  ^^  h:u  vn:*::^  ibe  5t  whe^:  is  iiimedand 
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Priestman  CHI  Engine,  Each  test  lasted  2  to  3  hours ;  the  engiiw 
ran  at  about  212  revolutions  per  minute.  The  indicated  power  i 
about  12  to  15  per  cent,  greater  them  the  brake  power.  Air  pressun 
in  oil  tank  9  to  12  lbs.  per  square  inch  above  atmosphere.  The  hea 
carried  off  by  the  water  jacket  was  from  40  to  50  per  cent  of  th( 
whole.  Vacuum  at  end  of  suction  stroke,  5  lbs.  below  atmosphere  oi 
7  lbs.  running  light. 

The  combustion  at  half  load  was  very  slow,  the  highest  pressun 
being  reached  about  quarter  stroke.  Probably  there  is  a  best 
clearance  and  best  size  of  engine  for  each  kind  of  oil. 


Russian 

ordinary  or 

Rumiolene. 


Specific  gravity 

Specific  neat .    . 

flashing  point  (Abel) 

Boiling  point 

Hydrogen  in  1  lb 

Carbon  in  1  lb 

Price  per  gall.  (London)  in  pence 
Calorific  power,  Fahr.  units    .    . 


,   Full   ,   Half 
load      load. 

Brake  power 6*76    3M 

lb.  of  oil  per  brake  h.  p.  hour  *958  1  '32 

Fraction  of  total  heat  represented 

by  brake  energy '127     '095 

Temperature  of  vapour  entering      258*     270' 

cylinder,  Fahr 

Pressure  before  ignition  (abs. )    .        43      27 
Highest  pressure 135      65 


Broxboume  i>«-«i 


paraffin). 


(American). 


•824 

•810 

•796 

•43 

•44 

•47 

82' F. 

152"  F. 

76'*  F. 

304^*^ 

329**  F. 

29rF. 

•1407 

•1390 

•1486 

•8588 

•8601 

•8462 

3) 

4i 

H 

21200 

21000 

21500 

Full 
load. 

7  5 

0-94 

•130 
258° 

45 
155 


I  Half 
load. 
39 

1-216 

I 

I    101 


267' 

27 
65 


Ftill      Half 
load.     load. 

7  05    37 
•912  1-37 

•135      090 
270**     276 


40 
135 


27 
65 


RuwUd 
LuMtre. 


•825 
•45 


•l.'»5 

•86IW 

3i 
21100 


Full      HaK 

Kiad.  1(Mm1. 

69  3-7 

•989  1-32 


•1-24 
282 

40 
l.V> 


64 


Prof.  Unwin,  some  of  whose  illustrations  I  have  taken  the  liberty 
to  rei)roduce,  Figs.  250-3  {LC.E.  Proc,  1892),  using  less  clearance  and 
getting  compression  pressures  of  50  and  42*6  lbs.  (abs.).  obtained  in 
1892  better  results  from  Daylight  and  Russolene ;  '842  and  946  lbs.  of 
oil  per  brake  horse  power  hour.  He  used  33  lbs.  of  air  j)er  pound  of 
oil  at  full  power.  When  he  used  80  per  cent,  more  air  he  got  4  per 
(;ent.  less  efficiency.  In  reading  his  important  paper,  the  student  i^ill 
remark  that  he  deducts  the  latent  heat  of  the  water  formed  from  the 
full  calorific  power  of  the  fuel,  and  I  do  not  think  this  right  for  state- 
ments of  efficiency,  although  very  important  in  a  study  of  the  engine. 
The  incoming  mi.xture  of  the  Priestman  engine  is  at  a  high  tempen- 
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toe,  and  this  causes  the  power  to  be  less  for  a  given  size  of 
trliDder  and  the  temperatures  and  loss  of  heat  to  be  greater  than  in 
tie  gas  engine.      Also  it   prevents  the  use  of  great  compression 


tvaiuie  of  the  danger  of  ignition  in  the  compression  stroke.  W  e  can 
"semore  compression  with  lighter  oils,  As  in  all  the  otheroil  engines 
"I  the  market,  the  diagram  does  not  differ  in  appearance  from  that 
"fi  gas  engine  using  the  Otto  cycle,  and  the  values  of  thf  «pccific 


Mts,  and  y,  may  be  taken  to  be  the  same  in  calculations  'ir  p.>-sihly 
little  nearer  what  the  values  are  for  air. 

fl83.  The  Samuetson  or  CIrUIln  engine  is  like  the  Priostinan  in 
inciple,  but  the  governing  is  by  mis.<dng  explosions  altogether  and  a 
ibe  igniter  is  used.     There  is  an  ingenious  lamp  for  keeping  the  tube 


r 
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hot.  A  wire  keeps  covered  with  oil  by  capillaiy  action,  and  an  •■ 
playing  on  it  carries  off  spray  which  forms  a  fierce  blue  flame.  Thm 
are  several  good  oil  lamps  now,  the  £tiia,  for  example,  of  Me«* 
Crosstey,  and  since  these  have  been  invented  the  hot  tube  igniter  tat 
shown  its  superiority  to  the  electric  epark. 

383,  Of  the  second  class,  the  beat  known  is  the  Ho^llb^ 
Ackroyd  engine.  It  uses  heavy,  cheap  oils  as  well  as  ordinsir 
burning  oils.  It  is  shown  in  Fig.  254,  which  is  a  section  lhr<>ii?t 
the  valves  SD,  and  also  through  the  water  jacketed  cyliDiii 
and  combustion  chamber  C,  the  one  section  hiding  the  other.  W 
is  pumped  into  the  hot  vaporiser  C  through  a  water  jacketed  ralw 
box  which  has  a  bye  pass  back  to  the  oil  tank  opened  by  ^ 
governor  when   the   speed   is  too   great.      Thus    the  pump  k«[» 


^     ig° 


working  always.  C  is  of  cast  iron  with  internal  ribs  and  has  an 
air-jacket  to  protect  it  from  draughts.  The  self-acting  inlet  vsire 
D  and  the  exhaust  valve  E  are  in  a.  box  below  the  cylinder.  The 
hand  fan  F  is  used  for  eight  minutes  at  starting  to  blow  air  over 
the  oil  ID  BL,  producing  a  flame  to  heat  up  the  eombastiso 
chamber. 

The  oil  vaporises  whilst  air  is  being  drawn  into  the  cylimief; 
during  compression,  the  air  enters  0  by  the  throat,  and  the  miiiiiS 
and  pressure  are  just  sufficient  at  the  end  of  the  stroke  to  prodi 
ignition.  It  is  probably  vaporisation  that  always  takes  pis«' 
GaseificatioQ  would  probably  leave  a  black  residue,  and  tarry  sinfl 
would  clog  the  valves.  It  is  a  verj'  wonderful  thing  that  »" 
depend  upon  ignition  not  taking  place  till  the  end  of  the  stroke. «» 
indeed  we  arc  beginning  to  rely  upon  this  and  to  do  away 
ignition  valves  in  small  engines  using  a  tube  igniter.     It  seems 
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D  when  we  attempt  to  ignite  by  electric  spark  or  flame  before  the 
of  the  compresBion  stroke,  the  actual  ignition  waits  for  the  <iead 
It  to  be  passed.  Anyhow,  this  is  securely  rolied  upun  in  many 
ines.  There  is  always  a  little  adjustment  of  the  volume  of  the 
ntnce  space  needed.  It  seems  that  with  heavy  oil  the  ignition 
uier  at  lower  temperatures  than  with  light  uik,  and  Mr.  Clerk 
iks  that  this  is  due  to  the  greater  stability    of  composition  of 


t  hj*drocarbon9,  thi'  hi'avy  onos  sc]K»rating  thiir  carbon  so  that 

•ogen  in  a  nawcont  stati'  is  si-t  fn>c. 

rhe   cj'linder,  unlik<-    that    of   tho    I'rirstitcm    <'ngiiif.  reijuircs 

ication  as  in  gn-s  en^'ims. 

:a  careful  tests,  0].'}:t  ..f  the  m.-rgy  wju^  iridii-nttil,  0-2i;t4  went 


le  water  jacket : 
»4.  Of  tht-  thinl  cbiss 
■  for  the  vnpiinsatinn 
IB  in  a  iM.'|Mrntc  vi'ssd 
■■  would  Ih-  drawn  in. 


I'nt  lift'  in  thi'  I'xluinst. 
th<-n-  are  muny  tyjics.     Th'T<-  is  iiiore 
if  the  nil  for  each  chiirgi'.  hi-caiisi'    it 
and  is  drawn  in  through  a  valve  junt 
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The  numbers  of  the  following  table,  prepared  by  Mr.  Clerk,  ( 
Bome  idea  of  the  results  now  obtained  from  oil  engines : — 


Clam  I. 


man. 


Lb.of  oil  per  brake  h.  p.  hour  '        *95 
Compression  pressure     ...  ^   27 
Maximum  pressure      .   .    .    .130 

Brake  horse  power 7 

Weight  of  engine  in  cwt.   .    .      36 
Weight  cwt.  per  brake  h.p.  .       5'1 


Cl«M   II. 

1 

CUmIII. 

Horns-    Ctom- 

Camp- 

Britan*   w^it. 

W«3 

by.         ley. 

bell. 

nia. 

*T  VMS. 

mai 

•98         -82 

112 

1-68 

1-04 

1- 

50         65 

40         45         32      1  ag 

112       225 

200 

155       135      1145 

8     ;    7i 

4-8 

6-2       6-5       4' 

40      !   32i 

27 

33      1  364    1  26 

5      ■     4-3 

1 

5-6 

5-3 

5-6 

5 

I  give  this  table  with  a  little  misgiving,  because  some  of 
numbers  are  derived  from  public  trials  and  others  are  from  triab 
interested  persons.  I  take  it  that  the  best  efficiency  yet  obtaii 
according  to  this  table  0*82  lb*  of  oil  per  brake  horse  j)ower  houi 
14*7  per  cent.  The  Diesel  oil  engine  is  said  to  have  an  efficiei 
nearly  half  as  great  again  as  this  (Art.  29T), 

285.  Calculations.  We  have  already  seen,  Art  192,  how 
following  useful  rules  are  derived.     They  are  the  rules  most  used 
the  designers  of  new  engines. 

I.  In  any  change  from  state  jiJj,  i\  to^?2»^*2  ^^  *  mass  of  gas  t 
heat  received  is 


^=^_-H^Vi-^wl+'*' 


<i) 


where  Win  the  work  done  by  the  gas  in  expanding  against  a  vacuu 
II.  If  there  is  ex})ansion  according  to  the  law  pv*  constant,  t 
work  done  is 

s—  1   I         Vy       )      8  —W        t^/  ^ 


and 


In  fact. 


7-1 


dH     ,      7—8 
dv  7—1 


(3) 


(4) 


This  nile  is  easily  kept  in  mind  if  we  remember  that  p  is  t 
rate  of  doing  foot-jHjunds  of  work  per  unit  change  of  volume,  anc 
is  the  rate  of  receiving  foot-pounds  of  energy  per  unit  change 
volume. 


GAS  AND  OIL  ENGINES  467 

[f  gas  ia  eompreised  from  volume  v^  to  volume  v^,  and  if 
istant,  the  work  done  upon  the  gas  is 


;^ 


•  ^ 


i  H  given  out  by  the  gas  is 

^R^'^W (6) 

7—1 

n  compression  according  to  the  law  pv*  constant,  the  rate  at 
>rk  is  being  done  upon  the  gas  is  p.  The  rate  at  which  the 
inff  energy  as  heat  is 

-*=^i^ ■  .  w .  . 

.  Exercise.  I  do  not  know  if  a  modern  engine  would  give  > 
3  sort  of  results  which  I  used  to  obtain  in  1881  from  a  gas  ^ 
irhich  had  an  electric  light  governor;  that  is,  it  had  an 
i  every  cycle,  sometimes  from  a  weak  mixture,  sometimes 
trong  one.  I  found  that  if  r  is  the  volume  corresiK)nding 
ighest  pressure  j^  we  might  say  roughly  that  2^  ^^'«^  t-'on-  "  / 
Uso  I  found  that  the  work  done  in  reaching  this  point 
the  pressure  before  ignition,  wjvs  also  nearly  consUmt.  If 
?  strictly  true,  show  that  it  means  that  -ff,  the  heat  which 
F  shows  that  it  has  received  (hiring  ignition  ^if  it  were  a 
»s  and  did  not  receive  heat  from  itself),  is  the  same  for 
1  strong  mixtures. 

Er=    -^|(pt?— />o'-o)+ ^^'>   ^^^*^    ^^    ^^   i^    constant    and   pr 

nt,  ff  must  be  constant. 

.  Important  Xa/ncrical  Exercise.  There  is  a  cylinder 
reatest  volume  including  cleamiice  space  i\  is  i\.  I  take  it 
cost  of  the  engine  is  proportional  tov^  — i'j.  A  volume  r,, 
id  gas  at  atmospheric  pnssure  2^2  *^"^'  absohite  teini)era- 
is  compressed  adiabatically  to  r,  ;  it  receives  heat  H  at 
volume  so  that  it  gets  toTj.^x,, /3.  It  exj)ands  adialmtic- 
j  and  is  n»leased. 

255' shows  the  diagram.     The   compression    pjirt   may  be  C**^l 
either  in  a  pump  or  the    working  cylinder.      If  C  is  the 
for  heat  at  constant  volume  of  the  amotnit  of  stuff  with 
e  deal,  the  work  done  in  compression  is  C^t^  —  t^);  in  ex- 
Ci^/3  — /J;  and  the  nett  work  is  evidently 

ir=c(^,-/,-<i+y-2?.(i',-r,)  ...   (1) 

we  must  change  all  these  temperatures  to  functions  of  the 

H  H   2 


*»w-  A 


h 
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volumes,  and  as  in  adiabatic  operations  tv  y^  ib  constant ;  if  we 
7  —  1  be  called  a 

Also  H=C{t^-7^). 

AW  ^.f+,.=  f+,,(a)» 

These  enable  us  to  express  W  in  terms  of  t?j,  Vj,  v^  and  t^ 

r-ir{,-(i)-U.,{,-(^)-}-,..^i-.)., 

^*^      If  we  take  the  mixture  to  be  (by  volume)  9  of  air  to  1  of  coal  ga 
take  it  that  a  cubic  foot  of  it  will  weigh 

•076  X  274 ,,       AC.          A    n    cao  *076  x  274 
lb.  and  m  foot-pounds  17=  263 r, 

h  h 

274 
H^  52600  -J-  v^  foot-pounds. 

a^_263x-076  t^ 

^^^""^  i/~     52600      «~2630 

H  "  52600  X  -274  ""  6810 
If  wo  take  t^  =  290,  or  16°  C,  we  have 

^^=  Oil  and^-f2^  0426 

and  -a'=49710r.^,  so  that 

„,-(|;)"+«.,i;.-(B)°l-.<H2e(^-,).. 

If-i  be  called  .rand  if  *  be  called  y  and  if  we  make  the  valu 

s\vei)t  through  by  the  piston  in  every  case  to  be  1  cubic  foot     q 
V  ^   J  i\ - 1\  =  1 ,  or  r^Cy -ar)  =  1  ^^$f^A^^^ 

1        /,       ./•    ^     49710 

"      //-•'•    ''4       i/  //--^ 

f  =  1 -a-^---|-0  1  n  - //-'')-00426(y-l). 

I  shall  take  a  =().S7. 

49710 
In  \\\r  Otto  cycle  t/=  1  and  €=  1  —  .'^,  /f=     '     -  . 


i  .     ^ 


GAS  AND  OIL  ENGINES 


469 


nxxcTAHD  Work  Doyx  in  one  Cycle  (as  Fio.255),  for  Various  Amounts 

rRBBSION  Vjv^  AND  FOR  VARIOUS  EXPANSIONS  BEYOND  THAT  OF  THE  OtTO. 


o#y 

1 

0 
0 

Values  of  the  comprcasiou  rj/ri  =  1/x. 

^t- 

2         '        3                   5                  7                10 

1 

yclc 

1 
•2261 1          -3341            -4484           -5132            5733 
22479          23408           27863           29676           31666 

•6268 


22300 


•208      3834     4660     5554     6056     6521 
10340    12706    13898    ,LV)39     16212     17060 


•66:^7 


1375U 


•370     -4363     -5082     5853     •6'274     6675 
7085     8676     9475     10391     10917     11440 


^e  the  efficiency   and  W  for  each  case. 

J,  a;  =  l  represents  the  Lenoir,  Hugon,  and  Bischotf  cycle,  but 

ider  has  a  volume 

:ubic  feet. 

see  that  although 

(for  all  compres- 
considerable  gain 

efficiency  in  ex- 
^  as  much  again 
le  Otto  cycle,  the 
>f  the  engine  is 
r  its  size.  Also 
w  that  the  me- 
I  efficiencv  is  less. 
ry  case  great<T 
«ionpnKluces,iiot 
;ain  in  efficitncy, 


Fio.  •-»:>'.. 


xin  in  the  output. 

,ve  no  doubt  that  this  is  now  the  most  important  consideration 

engine  makers.     To  what  extent  ought  we  to  take  advantage 

expansion  than  occurs  in  the  Otto  cycle  ?     I  believe  that 


470  THE   STEAM    ENGINE  chaf. 

compounding  is  remote  from  us.  There  is  no  such  necessity  as  exists 
in  the  steam  engine  for  keeping  a  cylinder  hot,  rather  the  reverse, 
and  I  take  it  that  this  is  the  most  important  reason  for  compounding 
in  the  steam  engine.  Again  there  is  the  ever-present  difficulty  with 
valves  to  admit  hot  stuff  from  one  vfessel  to  another. 

There  is  every  reason  to  believe  that  we  shall  in  the  Otto  reach 

such  compression  as  :c  =  ^a*  ^^^  ^^  view  of  the  future  I  have  con- 
sidered this  case  more  fully  than  the  others.  It  is  noticeable  that 
the  increase  of  efficiency  is  considerable  when  we  expand  1  i  times 
or  twice  as  much  as  in  the  Otto,  and  the  diminution  of  work  from  a 
given  size  of  cylinder  is  not  so  great  (at  all  events  for  half  as  much 
more  expansion)  but  what  we  may  expect  to  see  this  improvement 
introduced.  The  fact  that  cooling  tends  to  occur  through  mere  J 
expansion  rather  than  the  water  jacket  is  another  matter  of 
great  importance.  At  present  we  have  not  enough  information  to 
enable  us  to  settle  the  right  ratio  of  v^  to  t?^,  but  if  there  had  been 
more  space  at  my  disposal  I  should  have  been  glad  to  consider  the 
question  more  fully.  In  using  such  a  table  we  must  recollect  that 
there  is  more  relative  loss  by  friction  when  we  have  a  large  engine 
of  less  power.  Also  there  is  more  frictional  loss  with  greater  com- 
pressible pressures. 

I  have  sometimes  endeavoured  to  get  a  notion  of  the  effect  of 
this,  and  have  used  the  formula 

Bmki'  power  =  /(SG  -  •02r), 

where  r  is   the  ratio  of  greatest  volume  to  the  clearance  volume. 

My  students  have  0(f)  sheets  (Art.  205)  ready  for  the  working  of  any 
exercises  on  perfect  gases,  series  of  lines  of  equal  v,  p,  and  £  being 
drawn  tis  well  ivs  the  0  and  <f)  lines.     On  such  a  sheet  it  is  easy  to 
draw  the  0(f)  diagmin  for  the  hypothetical  cases  discussed  here.    Iti*   r 
also  easy  to  convert  a  real  ^/y  diagram  into  a  0<f>  diagram. 

288.  1  find  that  beginners  may  learn  more  from  exercises  worked 
like  7,  8  and  !)  of  the;  following  sheet  than  through  algebraic  expres- 
sions, like  t host*  just  given.  I  select  this  sheet  from  many  others. 
which  1  have  year  by  year  or  week  by  week  put  before  evening 
students  at  the  Finsbury  Technical  (College,  and  I  give  it  as  a 
specimen  of  the  exercises  which  students  ought  to  do. 

Finsbury  Techniail  College,  October  20th,  1892 

1  This  first  (juestion  concerns  a  number  of  conversions  of  units  of 
energ}',  such  as  are  given  in  Chap.  XV.     I  find  that  in  1892  I  was 


ni  GAS  AND  OIL  ENGINES  471 

cious  to  know  what  all  the  other  costs  in  the  production  of  energy 
re  as  compared  with  the  mere  cost  of  the  fuel. 

2.  In  a  gas  engine  cylinder  at  one  point  in  the  diagram  where 
=  2,  jj  =  14-7,  the  temperature  is  known  to  be  150**  C.     What  is 

temperature  where  p  =  136  and  v  is  1*2  ? 

3.  On  the  expansion  curve  of  an  oil  engine  diagram  the  following 
Gisurements  are  made.    The  scales  are  of  no  consequence.     Find 

law  of  expansion  approximately.  [Plot  log.  v  and  log.  p  on  squared 
«r.] 


1 

V 

11 

168 

1-4 
120 

p 

1 

1-7  21 


88         I  65 


4.  Calculate  the  energy  obtainable  from  1  lb.  of  liquid  fuel,  which 
itains  0*8  lb.  of  carbon  and  0135  of  hydrogen.  Give  it  in  Cent. 
At  units,  in  foot-pounds  and  in  evaporative  poundage,  from  and 
100**  C.  What  volume  of  air  is  required  for  its  complete  com- 
stion  ? 

5.  Calculate  the  energy  obtainable  from  1  cubic  foot  of  gas,  con- 
ining  0*2  cubic  foot  of  hydrogen,  0*5  of  marsh  gas,.  02  of  olefiant 
8.     What  volume  of  air  is  required  for  its  complete  combustion  ? 

6.  Power  is  distributed  by  shafting  to  small  shops  at  £30  per 
num  per  horse  power.  A  shop  uses  power  for  54  hours  per  week. 
hat  is  the  cost  per  horse  power  hour  ?  If  the  engine  uses  3  lbs. 
coal  per  hour  for  each  horse  power  delivered  to  customers,  and 
U  is  at  seventeen  shillings  per  ton,  compare  the  cost  of  the  coal 
th  the  total  cost. 

7.  A  cubic  foot  of  a  mixture  (►f  coal  gas  and  air  is  taken  (1 :9  by 
I.)  at  100'  C.  and  pressure  2, 11  (J  lbs.  per  scjuare  foot.  How  much 
ei^  is  given  to  it  in  compressing  it  adiabatically  to 05 cubic  f(iM)t  ^ 
ike  7  =  1*38.)  Find  also  its  pressure  and  tenijx'rature  at  t\n:  end, 
>w  give  it  40,000  foot-pounds  of  heat,  kei'ping  its  volume  constant. 
hat  are  its  new  pressure  and  tempemture  .'  Now  let  it  expand 
iabatically  to  1  cubic  foot ;  how  much  energy  does  it  lose  (absolute 
•A  done  by  it  upon  a  piston,  say)  ^  What  is  the  nett  work  done  ? 
vide  by  40,000  for  the  efficiency.  [Students  were  expectt»<l  to  do 
a  by  the  formula  of  Art.  102.] 

8.  Repeat  all  the  calculations  of  (7),  but  let  the  smaller  volume 
0*4  or  0*3  or  0*2  or  01   cubic  foot.     If  all  ca.ses  are  worked  out 

mr  the  results  in  a  table. 
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9.  Prepare  a  new  table,  but  let  the  last  expansion  be  to  2  cubic 
feet,  and  subtract  2,116  foot-pounds  from  the  balance  of  work  done. 

380.  I  made  sure  that  students  did  these  exercises  after  the 
lecture.  I  refrain  from  giving  a  sheet  in  which  a  complete  set  of 
exercises  was  to  be  worked  out  from  a  given  indicator  diagram,  and 
the  information  that  accompanied  it.  I  refrain  because  this  book  is 
getting  to  be  much  too  large,  but  I  cannot  help  giving  a  few  exerdfles 
from  another  sheet  which  lies  before  me.     It  is  evident  that  I  had  i 


Fio.  25<5. 


Flo.  257. 


hard-working  set  of  evening  students  that  year,  and  I  wonder  how 
they  have  used  their  knowledge.  This  sheet  is  dated  3rd  November 
1892. 

1.  Some  of  v<>u  have  taken  a  gas  engine  and  some  an  oil  ongiue 


iH 


of  ! 


diagram,  and    you  have  drawn  curves  showing  p,  t,  h  [h  is    . 

Art.  2851,  and  combustion  Tour     ,      of  Art.  294],  the  volume  bfing 
-•  •-  tic 

abscis.sa.     Prepare  another  sheet  in  which  time  is  the  abscissa.    ^<^" 

may  assume  an  infinitely  long  connecting-rod. 

2.  [I  find  that  I  here  gave  souiC  rules  already  given  in  Art.  285, 
the  following  one  is  a  new  statement  of  an  old  rule.  I  do  not,  how- 
ovtT,  like  to  draw  tangents  to  curves.] 

Draw  taiitrciit  SA  to  a  ;),r  curve  3fiSi\' at  the  point  5.    Prove  th»i 


(II 


nFi^.25n,;^  =  'y*'^^-"^ (I) 


(2    111  Fig.  2.57. //  = 


7-1 

yST-\^SQ, 

0/-  1 


:i  On  October  2()th  I  asked  you  to  find  the  useful  work  done  m 
various  cases  of  clearance,  and  of  total  volume  of  cylinder.     Now,tiie 
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value  of  a  given  type  of  engine  may  be  stated  as  depending  some- 
liow  upon,  1st,  The  fact  that  Ave  obtain  x  foot-pounds  of  energy  use- 
folly  from  one  explosion.  2nd,  The  cost  of  the  engine  and  its 
maintenance  and  attendance,  which  may  be  taken  as  proportional 
to  v^,  the  volume  of  the  cylinder.  3rd,  The  pressure  after  ignition, 
which  depends  upon  clearance ;  because  if  the  pressure  is  great  the 
engine  costs  more  money,  and  is  more  of  a  nuisance.  What  is  your 
idea  of  a  figure  of  merit  made  up  of  v^,  v^  and  i\  ? 

30O.  Exercise.  A  cubic  foot  of  gas  engine  mixture  at  atmo- 
spheric pressure  p^  and  absolute  temperature  t^  is  compressed  adia- 
hatically  to  the  pressure  p^  and  temperature  t^  It  is  then  ignited  at 
constant  pressure  p^  to  the  volume  v^  and  allowed  to  expand  adiabati- 
cally  to  the  atmospheric  pressure  again  and  temperature  t^.  Find  the 
Work  done  and  the  efficiency.     This  is  the  Bray  ton  engine  principle. 

Answer.  The  heat  given  is  H  —  K  {t^  --  t^).  The  heat  that 
Would  be  taken  out  to  begin  a  new  cycle  with  the  same  stuff  is 
^  i^A  —  t^).     Hence  the  work   TV  done  is  JC  (t^  ""  '2  "-  ^4  +  ^)>  ^"^ 

the  efficiency  is  €  =  7^  or  1  —  *^  r,  but  as  compression  and  ex- 
P^ttision  are  adiabatic,  -^  =  -i ,  so  that 

Along  an  adiabatic  Ip  i       is  constant,  and  henco 


-•-(;.:)' 


Thus  as  p^  is  one  atmosphere,  if  we  take  7  =  1*37,  we  have  the 
follo^nng  values  of  e,  and  W  is  the  same  as  €  if  //  is  1. 


€  1708     -3123     •38.^">      ^itt?     •4(>.'U)      4888     -.VW)     -.VU,")     -.kVIT      .*>7<»9  '  iJ«»<i8 


201.  It  is  now  fourteen  years  sinee  1  first  gJive  exercises  like 
thotie  of  Arts.  287-290  to  my  students,  jH)inting  out  the  gain  of 
efficiency  due  to  increased  compression.  The  first  engineer  who  hjis 
tried  to  carry  out  the  idea  has  met  with  wonderful  success  in  the 
Pt— el  motor.     The  best  account  of  its  performance  which  I  have 

I,  is  in  The  JBngineer,  October  15,  1897.     Careful  exj)eriments 


474  THE   STEAM   ENGINE  chap. 

have  been  made,  but  I  believe  that  the  only  published  accounts  of 
them  are  written  by  Mr.  Diesel  himself.  The  consumption  of  oil 
was  0*56  lb.  per  hour  per  brake  horse  power,  so  that  the  efficiency  is 
46  per  cent,  better  than  the  best  results  given  in  the  table,  page  466. 
Mr.  Diesel,  in  his  20-horse  power  engine  at  about  160  revolutions  per 
minute,  pumps  air  into  a  receiver  at  700  lbs.  per  square  inch.  This 
very  hot  air  enters  with  oil  in  a  state  of  combustion  into  the  motor 
cylinder  (9*8.  in.  diameter,  15*7  in.  stroke)  at  the  beginning  and  for 
about  one  quarter  of  the  stroke,  the  pressure  falling ;  it  is  then  cut 
off  and  the  stuff  goes  on  expanding  to  the  end  of  the  stroke,  when 
it  is  exhausted  ;  cushioning  brings  the  pressure  to  400  lbs.  per  square 
inch  in  the  motor  cylinder  before  a  fresh  admission  takes  place.  It 
is  then  the  Brayton  cycle  except  that  during  the  combustion  the 
pressure  is  not  kept  constant.  A  water  jacket  has  been  found 
necessary.  It  is  said  that  there  is  no  great  falling  off  in  efficiency 
when  working  at  half  load. 

202.  Exercise.  In  the  Atkinson  gas  engine,  at  a  famous  trial  in 
1888,  the  expansion  and  compression  curves  followed  the  laws  pt^^ 
constant  and  pv  ^^^  constant.  Taking  y  =  1*367  in  the  expansion 
and  7  =  1'385  in  the  compression  (see  Art.  189),  what  is  the  rate 
at  which  the  sttiff,  as  a  gas,  shows  that  it  is  receiving  or  losing  heat  ? 

Ansiver,  If  h  is  rate  of  heat  reception  per  unit  volume,  so  that 
it  may  be  represented  to  the  same  scale  as  the  pressure, 

,        l-3()7-  1-264         ^.^      .    ^, 

h  =       !..»/.-•  P  =  0  zH p  m  the  expansion 

1-385  -  1-205  r^A.^T      '     .u 

—  A  =  2^  —  0*4G7  J9  in  the  compression. 

l-f>oo  —  1 

In  thi'  compression  heat  is  being  lost  to  the  cylinder  nearly  half 
as  fjist  {IS  work  is  being  done  upon  the  stuff. 

293.  In  1885,  with  Prof.  Ayrton,  I  published  a  paper  in  the  Pro- 
ceedings of  the  Physical  Society  in  which  I  pointed  out  how  the  ga* 
cmgine  diagram  ought  to  be  studied.  I  took  a  diagram  which  I  had 
obtained  from  a  6-horse  engine  at  Finsbury,  and  from  my  own  and 
other  measurements  of  temperature,  showed  how  we  might  find  the 
rate  of  i'oml)Ustion  of  the  gas  going  on  in  the  ignition  and  expansion, 
and  how  the  whole  chemical  energy  was  disposed  of  The  exercises  of 
Art.  18!)  illustrate  how  I  showed  that  we  might  speak  of  the  stuff  in 
a  gas  (using  coal  or  Dowson  giis)  or  oil  engine  cylinder  before  and 
after  combustion,  ius  if  it  were  the  same  perfect  gas  with  y  =  l'3<i 
which  had  undergone  no  chemical  change,  and  had  received  heat 
from  an  outside  furnace.     [The  alteration  is  small,  but  it  may  be 
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.  is  sufficient  to  account  for  the  fact  that  we  never  get  more 
0  per  cent,  of  the  chemical  energy  in  an  explosion.]  I  then 
ily  showed  that  the  compression  and  expansion  parts  of  the 
Di  follow  a  law  like  pv  ^  constant  and  how  to  find  m,  but  that  in 
ine  controlled  by  an  electric  light  governor  there  was  an  easy 
stating  the  law  for  the  whole  ignition  and  expansion  parts 
he  diagrams  (bad  and  good  explosions)  on  a  card, 
is  is 

p  =  Mv"^'  k}  +  nu  --  s/{fc  —  nu)^  +  *  | 

u  ^  V  the  volume  —  the  clearance  volume ;  tc^  and  k  are 
Its.  B  is  also  a  constant,  but  any  very  small  number  will  do 
n  is  a  constant  which  depends  upon  the  point  in  the  stroke 
the  maximum  pressure  occurs,  and  this  really,  for  a  given 
>f  engine  and  method  of  ignition,  depends  upon  the  richness 
mixture.  Af  is  a  constant  which  depends  upon  the  recentness 
last  explosion,     w  is  the  ordinary  index  of  v  in  the  expansion 

I  showed  how  inexact  all  calculations  from  the  diagram 
unless  we  used  an  empirical  formula  like  this.  It  was,  how- 
ufficiently  accurate  to  represent  the  whole  of  a  curve  by  two 
sions 

>n  part  j»  =  (a  +  hit)  kv^ (2) 

sion  part  p  =  kv"^ (3) 

/c,  a  and  b  are  constants. 

ing  the  fonnula  (see  Art.  285)  for  reception  of  heat  energy 

it  change  of  volume 

a  diagram  of  h  to  the  same  scale  as  2^.  I  then  showed  with 
approach  to  accuracy  how  the  total  energy  of  a  change  was 
)d  of.     We  have  so  greatly  improved  on  those  results  of  1885 

shall  not  venture  to  give  them   here,  and  I  will  now  tise 
jam   (Fig.  258)   sent  nie  from   King's    College  (one  of  Mr. 
U's  tables.  Art.  278)  to  illustrate  my  meth(xl  of  finding  the  rate 
bustion. 
nd,p  being  in  lb.  per  square  foot  and  v  in  cubic  feet, 

ession  curve                j[>  =  1884  r'^^^ (5) 

sion  curve                    p  =  4sH77  r^^^ (6) 

n  curve            p  =  (-336  -f  lOOw)  4877  v^^  ...  (7) 
u  ^v-  0-247. 
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I  am  afraid  that  the  rise  of  pressure  on  ignition  is  too  ntpi( 
us  to  be  able  to  speak  accurately  of  its  law  in  the  present  except) 


Kn5.  !>.'►«. 

AvcniKo  cfTe<'tivo  i»re««urt'.  44-«» ;  (liiiniettfrof  cylinder,  Sj  inchcH  ;  Htnike,  IS  inches  : 
170  ivvnlutioDK  jitul  Hii  oxplosiniiM  \Hir  ininut<!  ;  ga-s,  i>cr  cxpKwiou,  *0<J1  cubic  foot  : 
I'leaniiue,    r_'47  cubic  foct. 

ciuse.     From  these  we  tind,  if  A  is  rate  of  gain  of  heat  by  the  stu 

Compression  h  =  —  "65  ^). 

That  is,  the   stuff  is  losinf/  heat    at  a    nite  which   is  Jrds  of 
l)ressure 

Expansion  //  =  ':\7H  p 

Ignition  /*  =  %S78  2>  +  2110  x  10«  v ^ 

For  tlu'  rejisoii  given  I  feel  that  then*  is  an  unnecessiiry  prel 
at  accurate  statement  for  the  ignition  part. 

294.  Jutfc  of  loss  to  Water  Jacket.  We  usually  know  the 
loss  per  explosion  to  the  water  jacket  if  the  engine  is  kept  on  full 
for  a  few  hours.  In  this  case  it  was  .S5  per  cent,  of  the  total  h( 
the  charge,  the  indicated  energy  being  16  percent.    During  the 
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«ly  50  per  cent  of  the  possible  explosions  took  place,  or  one  ex- 

ilosion  in  four  revolutions  or  eight  strokes.     Hence,  if  w  is  the 

35 
ndicated  work  on  the  diagram,  we  have  ^^  lo  given  in  eight  strokes. 

iVe  shall  not  be  fer  wrong  if  we  take  w  as  being  equal  to  the  heat 
fiven  in  the  ignition  and  expansion  stroke  up  to  release. 

In  my  paper  in  1885, 1  assumed  that  the  rate  of  loss  of  heat  per 
•econd  by  the  stuff  to  the  jacket  is  proportional  to  ^  —  60  if  ^  C. 
s  the  temperature  of  the  stuff.  As  more  area  is  exposed  when 
temperatures  are  lower,  I  thought  that  this  was  a  good  enough 
•ule  for  rough  calculation.  I  might  now  use  a  rule  deduced  by  Mr. 
Wimperis  from  some  experiments  by  Mr.  Petavel,  on  the  loss  of 
lieat  e  per  square  cm.  per  degree  by  bright  platinum  in  an  atmo- 
sphere of  carbon  dioxide,  at  temperatures  ranging  from  200**  C.  to 
1,200*  C,  and  at  pressures  ranging  from  6  cm.  to  228  cm. 

€  =  1-55  X  10'^ p  (1000  +  $)  +  1-67  X  10-«  6 

where  |>  is  in  pounds  per  square  inch  and  the  temperature  is  0°  C. 

I  have  not  found  this  altogether  satisfactory,  however,  nor  is  it  right 

to  assume  that  such  a  law  can  hold  for  our  high  pressures  and  an 

iron  surface.     Let  the  student  work  for  the  present  according  to  my 

old  rule.    Calculate  0  at  every  point  of  the  diagram,  assuming  that  at 

dip 
-4  it  is  120*  C.     Assume  that  -j--  (where  t  is  time)  is  represented 

to  some   scale  by  ^  —  60°  C.     We  want  -^— ,  where  r  is  volume, 

•^  dc 

and  as 

dHi  _  dfP    dt 

dv  dt  '    ifv 

we  have  to  divide  —tt-  by  the  velocity  of  the  piston  to  get     ,--  to  an 

unknown  scale. 

dH^ 
Now  make  the  average  height  of  the      ,      curve  equal  to  the 

average  pressure  of  the  indicator  diagram,  becatise  the  loss  of  heat -H^ 

to  the  jacket  is  equal  to  u\  and  so  we  got  the  tru(»  value  of   -7      to 

the  same  scale  as  the  pressure. 

The  values  of    ,    jus  calctilated  from  (4)  Art.  293,  are  c^iven. 

dv 

flJT  //  fP 

Add  -, —  and    ,     to  rtnd  the  total  rate  of  develoinnent  of  heat 
dv  dv 

by  combustion. 

This  is  OD  the  same  scale  as  the  pressure,  and  is  very  interesting. 
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If  it  is  desired  to  know  the  rata  of  eombiutloB  ftt 
multiply  by  the  velocity  of  the  piaton. 

Our  present  knowledge  only  allows  us  to  make  ver 
approximations.  In  all  probability  there  is  very  rapid  con 
in  the  stuff,  just  as  it  is  throttled  in  passing  the  exhaast  vab 
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The  velocity  of  piston  is  nearly  proportional  to  the  ordi 
a  semi-circle  on  the  stroke  as  diameter,  and  may  be  to  an 


3  that  {6  —  CO)  -j-  velocity  of  piston  =  c 


This  is  plott 


squaruil    jNiiKT,  as   a  curve   whose    average  height 


44-3:1  X  U+ lbs.  per 


«  foot,  and  hincec  =  fC:^^  ^  *"**- 


<mi , 


this  c  I  get  tnic     ,        to  \n-    \  X  144,  or  I  multiply  the  fifth 

bv  5  to  got  the  sixth  onhinm  of  numbers.  Rate  of  combusi 
second  in  Column  9  is  to  an  unknown  sciilc,  being  the  ] 
column  multiplied  by  velocity  of  piKtou. 

Every  time  I  have  made  this  intfrt'sting  calculation  on 
oil  engine  diagnim,  I  have  ft  mud,  as  hire,  that  the  rapidity 
.combustion  (per  second)  reaches  a  nuiximuni  some  tim 
ignition  begins.  In  the  present  case,  it  is  some  time  al 
pressure  has  begun  to  fall,  about  D,  Fig.  2.58.  The  result 
to  be  plotted  and  shown  in  a  curve. 

395.  Mr.  Wimperis  workitl  this  problem  more  elaborate 
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fimiid  6  everywhere  in  compression,  ignition  and   expansion,  and 

J  IT 

calcukted  e  as    above.     In    compression,  he    had  —  -i-  =0"65j?, 

tod  dividing  by  velocity  of  piston  as  given  above,  he  had  numbers 

pnjportional  ^  "jT  ^^  -7—  *  ^y^.     He  divided  by  e  and  d  —  60,  and 

took  the  quotient  to  represent  A,  the  area  of  metal  exposed  to 
nviiation  in  each  case.  It  was  interesting  to  note  that  these  vahies 
of  A  were  in  pretty  much  the  right  proportions.   He  now  took  these 

found  values  of  ^  to  calculate  from  e  and  0  the  values  of  -^^  ,  and, 

cit 

therefore,  —r-,  &c.,  in  the  ignition  and  expansion. 

I  do  not  give  his  results  here,  because  I  think  that  the  method 
is  too  good  to  be  illustrated  by  a  case  in  which  we  are  in  doubt  of 
the  starting  temperature.  Also  I  think  that  the  skin  toinporature  of 
the  metal  max  not  be  so  nearlv  constant  as  it  soenis  to  be  in  the 
steam  engine,  and,  besides,  an  exercise  like  what  I  have  given  will 
serve  better  to  start  a  student  in  thinking  about  this  subject. 

298.  Exercise.  Rate  of  Combustion.  The  following  exor- 
cise will  show  how  a  student  may  obtain  some  infonnation  as  to 
the  combustion  going  on  in  one  of  Mr.  Clerk's  experiments.  The 
Uiformation  is  not  very  exact,  but  it  is  worth  something.  Mr. 
Clerk  (Art  271)  took  a  mixture  of  1  of  Oldham  gas  to  9  of  air  at 
l**  C.  and  atmospheric  pressure,  and  obtained  a  curve  showing  th(» 
pressure  at  various  times  after  ignition.  This  is  one  of  his  many 
'^Its,  and  I  chose  it  at  randtnn.  I  ma<le  the  following  measure- 
^nts  of  ^  (time  in  seconds  after  ignition)  and  y>  (the  increast*  of 
Pressure  in  pounds  |ht  s^juare  inch).  The  rise  of  temperature  0 
^Qght  to  be  almost  20  times  ;>. 

I  thought  that  after  /  =  •  7  the  combustion  had  probably  ceased, 
*^  that,  thereafter,  I  might  take  thi*  nite  of  loss  of  heat  to  the 
cylinder  as  being  represented  by 

fj  =  n0  -f  10- 

*  found  that  with  consi<lemble  aecuracv  this  sivmed  to  be  the  case, 
^d,  indeed,  that  I  might  take 

I0,00() 

So  that  a  is  practically  nothing,  for 

-  -^^  =   0034  0^' 
at 
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The  observations  are  not  so  very  regular  as  to  allow  us  to 
•0034,  rather  than  0033,  and  I  thought  it  well  to  get  help  in  t 
following  way.     I  plotted  0^  from  ^  =  o  to  ^  =  1, 


and  found 


f  ^  ^  dt  tp 
Jo 


be  692800 


Now  we  know  that  the  total  heat  was  2670c,  and  the  heat  30 

remains,  so  that  b  I  0^.  dt  ought  to  be  2370c,  and  hence  h  =  "003 

Jo 

This  wonderful  agreement  with  the  previous  result  gave  me  soi 
satisfaction.     I  take  the  capacity  of  the  stuflf  to  be  c,  a  constant ;  < 

q  =  -0034  c  0^ 
Hence  we  may  take 

-r.  +  *0034  c  0^\ 

d0 
I  smoothed  the  curve  for  0,  and  found  the  values  of  -^  given  in  i 

table ;  the  addition  of  the  numbers  in  the  fourth  and  fifth  colum: 
gives  those  in  the  sixth,  which  seem  to  me  very  interesting.  Withe 
making  too  much  of  the  result,  we  may  say  that  it  gives  a  rough 
correct  sort  of  indication  of  how  the  combustion  takes  place. 

Combustion  going  on  in  a  Closed  VesskLm 
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CHAPTER  XXVIII. 

VALVE  MOTION  CALCULATION. 

297.  A  SLIDE  VALVE  worked  by  an  eccentric  or  crank  on  a 
uformly  rotating  shaft  gets  very  nearly  a  simple  harmonic 
otion.^     There  are  Tarioufl  ways  of  studying  this  motion. 

1.  Counting  time  t  in  seconds  from  the  dead  point  position  of 
e  «igine,  if  y  is  the  distance  of  the  slide  to  the  right  of  the  middle 
its  stroke  at  the  time  t;  if  r  is  the  half  travel  of  the  valve,  or  the 
Qgth  of  the  crank  working  it,  or  the  eccentricity  of  the  eccentric  ;  if 
revolves  at  q  radians  per  second,  and  if  a  is  the  angle  of  advance, 
angles  are  measured  really  in  radians  (although  I  shall  sometimes 
rite  them  as  degrees),  then 

y  =  r  sin  (qt  H-  a) 

Tiether  or  not  the  crank  goes  round  uniformly,  if  d  is  the  angle 
Uch  it  makes  with  the  inner  dead  point  (nearest  the  cylinder),  and 
«  is  the  distance  of  the  piston  from  the  end  of  its  stroke  (most 
naote  from  the  crank),  the  crank  being  R  and  connecting  rod  L 

y  =  r  sin  {0  +  a) 
x^  R(l  -  cos0)+    J  (1  -  cos  26) 

fy  nearly.  If  we  take  0  =  qt  and  if  the  crank  makes  q  radians 
r  second,  the  valve  has  a  simple  harmonic  motion,  and  the  piston 
8  a  fundamental  simple  harmonic  motion  with  its  octave  or 
other  such  motion  of  twice  the  frequency. 

'  Simple  hArmonic  motion  is  regarded  now  as  a  badly  chosen  term.  Some  nuch 
ID  At  "simply  periodic  motion,"  suggested  by  Professor  Schuster,  would  be 
tar.  Simple  vibration  ought  to  be  used  instead  of  simple  harmonic  vibration. 
Dpiqy  the  lumal  term  unwillingly. 

I  I 
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2.  In  Fig.  259  if  0-ff  =  r  the  half  travel  of  the  valve,  or 
the  eccentric  crank  working  the  valve  which  slides  in  a  c 
parallel  to  BOF\  in  the  position  shown  in  the  figure,  the  va 

the  distance  OH  from  the  n 
its  stroke.  If  this  is  c< 
with  (1),  and  if  GOm  ^ 
angle  of  advance,  OE}-  is  t 
tion  of  the  eccentric  cran 
the  main  crank  is  in  tl 
point  position  OD. 

3.  In  Fig.  260  if  DO, 
line  of  centres  and  GOG^  d^  line  at  right  angles  to  DOF 
COG  =  C^OG^  =  a  the  angle  of  advance.  Make  OC  ^  OC^ 
half  travel  of  the  valve  and  describe  the  circles  shown,  on 
OC^  2&  diameters.  If  the  main  crank  is  in  any  angular 
OB  the  intercepts  OB^  cut  off  by  the  circle  OC  show  y  the 
of  the  valve  to  the  right  of  its  mid  stroke ;  the  intercepts 


Fio.  259. 


oflf  by  the   circle    00-  show   the   distance  of  the  valve  to 
of  its  mid  stroke.     This  method  of  study  has   already  bee 
upon.     It    is    the    one  that  I  myself  prefer  in  spite  of  t 
that  the  angle  of  advance  is  always  set  out  as  if  it  were  o 
Should  the  velocity  of  the  valve  be  wanted  as  an  intercep 
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ink  position^  it  is  only  necessary  to  draw  two  new  circles  whose 
meters  are  at  right  angles  to  GOC^. 

4.  In  Fig.  261,  BM  represents,  the  time  of  one  revolution,  from  B 
ich  represents  one  dead  point  or  ^  =  o,  to  if  which  represents  the 
ae  dead  point  again  ox  t  ^  T  the  time  in  seconds  of  one 
olation. 

A  point  P  shows  by  P©  the  distance  y  of  the  valve  to  the  right 
its  mid-position  at  the  time  indicated  by  BQ,  It  is  easy  to  see 
.t  the  sine  curve  EFPIKAE  is  drawn,  just  as  the  projection 
the  spiral  edge  of  a  screw  thread  is  drawn.  Starting  with  E^ 
0^  is  the  angle  of  advance)  divide  the  circumference  of  the 
de  E^FPG  into  any  number  of  equal  parts  numbering  the  points 


Fig.  2C1. 


division  0,  1,  2,  &c.  Divide  i^Jfinto  the  same  number  of  equal 
fts,  and  starting  with  B,  number  the  points  of  divisions  0, 1, 2,  &c., 
tject  horizontally  and  vertically.  Or  again,  it  may  be  very 
ickly  drawn  on  squared  paper,  using  a  table  of  sines  of  angles.  It 
important  to  note  BE  the  distance  of  the  valve  from  the  middle 
the  dead  point ;  this  is  the  lap  +  the  lead,  or  r  sin  a. 
As  in  Art.  73  if  from  y  we  .subtract  the  lap  BL  we  get  LE  the 
'Ding  of  the  port  to  steam,  drawing  LCAL  parallel  to  BM  is  the 
t  way  of  making  this  subtraction  and  we  see  that  BC  repre- 
t  the  time  or  the  angle  passed  through  by  the  crank  when  cut 
takes  place.  li  Bl  is  the  inside  lap  and  //  is  drawn,  we 
jBr,  the  angle  pjissed  through  by  the  crank  when  release  takes 
:e  and  Bk  when  cushioning  takes  place.  W  bisects  i^ if  and  W 
ws  a  dead  point.  If  BL^  and  BP  are  the  outside  and  inside  laps 
the  other  side  of  the  valve,  we  find  A^,  C^,  B^,  and  K^  for  the 
im  stroke. 

The  value  of  this  method  of  study,  which  is  really  very  clumsy 
»n  motions  are  all  simple  harmonic,  lies  in  this,  that  it  is  almost 

I  I  2 
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in  which  tho  ulitU'  v 


gear 


thu  (inly  mel,hi«i  ufMtndy.Rnd  is  certaiuly  the  simplest  method,*** 
the  inotiiinii  biv  not  mmple  harmonic— that  w  in  practically  eTety  f» 
viilvp  JM  workei]  fniin  link  molioos  or  radial  t«1» 
y  students  have  practised  % 
n  sht'wn  in  Fig.  296.  for  twentj-te 
years,  but  iw  applied  here,  it  la  twr 
published  1  think  for  the  first  time. 

The  curve  showing  the  displace 
iiicnt  of  the  valve  is  sometime*  pot 
upon  the  same  sheet  as  a  cun« 
showing  the  position  of  the  pisMfc" 
Thus  in  Fig.  296  Cc  shows  thedisiane* 
of  th(!  valve  from  its  mid  stroke  and 
G£  shows  the  distance  of  the  pwtM 
from  its  mid  stroke  for  any  pwdtioo 

of  tho  Pnuik.     I  nivdolf  pn-fer  to  compare  valve  position  with  tbrt 

of  t.h«  I'TMiV,  and  having  found  the  crank  positions  when  the  four 

nvonU  twour,  to  ukc  h  Iciiiplate  method  of  getting  the  piston  poaitiat 

M  in  Fig.  111). 

a.  Ifa  valve  is  workwl  from  a  crank  shaft.    Let  Oi>  (Fig.  262)  U 

K  dwMl  (Kiint  ]Mwiii»n  of  tho  main  cnuik.     Make  DOS  equal  to  tbe 

•ilvwiw  «  of  the  valve ;  then  for  any  position  S  of  the  main  cranfc 

dmw  iwrpendieniars  Ui  A'Otfand  to  Vo/".  which  is  at  right  angles  to 

JSOK.     The  valve  i*  at  thi-  dUtanee  BE^  to  the  right  of  its  mi* 

IxWtion.  and  lis  \fUK-ity  is  repr^-sinUeil  by  BF^.  and  its  accelerolM 

is    repr^wnleil    by   iik\    The 

ac«les    of  »nfh    u)vasun.>mfnis 

ought  never  to  give  any  tr\»uhle. 

For  exaitiiUi'.  what  is  tho  scale 

of  the  displacement  Bi^  t    It  is 

evidently  Ui  the  si-ale  to  which 

0£  repivwnts  the  h«lf  traii-el. 

Th*  se»le  of  the  vekK-ity  A'*''  is 

the  scale  to  which  0£  reprvsents 

the  gnxttest  velocity.    Tlie  scale 

of  the  ac-eeleralion  BIT  is   the 

settle  towhivhC^rvpivs^-nts  the 

gntttest  aL-ctfleration.  this  is  the 

saiut?  as  thf  tx-ntripelal  aoc^ttv 

raiion    of  the  >.-iHiik-piD.    wluch   wuuld  give  thr 
If  a  Qomber  of  slides  are   wt>rkeij   from   tbe 

«liffeceot  ha]f~tmv<^ti»  aikd  aagle^  of  advuxv  fwHwie* 
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xoeeding  90"*,  by  which  slider  crank  is  ahead  of  main  crank],  the 
istance  of  each  and  all  of  them  to  the  right  of  its  mid  stroke  for 
DT  position  of  the  crank-pin,  or  any  other  rotating  point  of  reference, 
ny  be  shown  on  one  diagram.  Let  OA^  (Fig.  263)  be  the  dead 
dint  position.  Make  A^OE^  the  advance  a^  of  one  slider,  make 
lOB^  the  advance  a,  of  the  second  slider,  make  AfiE^  the  advance 
'  the  third  slider,  and  so  on.  Then  for  any  position  B  of  the  crank- 
n  the  sliders  are  at  the  distances  BE^,  BE^,  ^E^,  &c.,  to  the  right 
'  their  mid  positions.  Furthermore  if  OF^,  OF^,  &c.,  are  perpen- 
jcalar  to  OE^^  OE^,  &c.,  the  perpendiculars  BF^,  BF^,  &c.,  represent 
le  velocities  of  the  sliders. 

6.  Let  points  on  A^OA^  (Fig.  264)  represent  the  positions  of  the 
iston.  Describe  the  circle  AfiAfi^,  Let  the  main  crank  be  ic 
he  position  OB.     Make   AyOE^  the   angle  of  advance,  then  if  to 


Fio.  Ml. 
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^e  scale  A^A^  is  the  travel  of  the  piston,  and  if  to  another  scale  it 
^presents  the  amount  of  the  travel  of  the  valve ;  drop  the  per- 
^ndiculars  BA  and  BC,  and  BM,  then  when  the  piston  is  OA  or  BM 
^m  the  middle  of  its  stroke;  the  valve  is  BC  from  the  middle  of 
*  stroke.  This  is  evidently  easy  to  prove.  Also  if  q  is  the  angular 
elocity  of  the  crank,  the  speed  of  the  valve  is  q .  BX,  BN  being 
measured  on  the  scale  on  which  OS^  is  the  half  travel  of  the  valve. 
r  we  wish  to  take  into  account  the  angularity  of  the  connecting- 
Ki,  we  draw  HOH^,  a  circular  arc  with  radius  that  of  the  con- 
ecting-rod,  centre  in  the  line  of  centres ;  then  the  distance  of 
ie  piston  from  the  middle  of  its  stroke  is  not  BM  but  BF,  Drawing 
Qes  (Fig.  265)  parallel  to  EO  at  distances  from  it,  OL  =  outside 
p;  0/a  inside  lap;  OL^  =  outside  lap  on  the  other  side  of  the 
dve,  OP  «  other  inside  lap ;  we  see  that  the  distances  of  any 
lint  like  B  or  B^  from  these  lines  show  the  amounts  of  opening 
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of  the  valve  to  steam  and  exhaust  on  the  two  sides  of  the  piston. 
The  positions  of  the  main  crank  at  admission,  cut  off,  release  and 
compression  in  both  forward  and  back  strokes,  are  evidently  given 
by  the  ends  of  these  lines,  and  the  velocities  of  the  valve  when 
these  events  occur  are  presented  by  ^q  times  the  lengths  of  these 
lines. 

7.  Let  A^O  (Fig.  266)  be  the  line  of  centres.  Make  A^0£^  the 
advance ;  OE^  =  the  half  travel.  About  J?*  describe  circles  whose  radii 
are  the  outside  and  inside  laps.  Draw  four  tangents  from  0  to  these 
circles.  Prove  that  these  tangents,  produced  if  necessary,  are  the 
positions  of  the  main  crank  when  the  four  important  events  occur. 

Oa}  admission,  00  (or  C^O  pro- 
^j  /  ^  duced)  when  cut  off  occurs.  Oi 
I  yy'''        (or    T^o  produced)    when  release 

-^L ^,,-y''  occurs,  OAT  when  cushioning  occurs. 

/^''<P''*^^^\'V<?7  Of  course  the  proof  is  easy  as  soon 

/      ^  '''Va  '''  ^^  ^^^  shows  that  the  perpendi- 

/      '-f^^'^X/   y  cular    distance    of    E^    from  any 

1        \^fj'       Ic'  radial   line  drawn   from  0  is  the 

\/^    /^      J  valve  displacement  for  that  poei- 

X^^^_     _^y^  tion  of  the  crank. 

P,o  260.  398.  It    is   quite  easy  from 

what  has  been  given,  and  using 
the  methods  either  of  1.  2,  3,  4,  5,  or  6,  for  any  student  accustomed 
to  easy  j)ractical  geometry  to  work  such  problems  as : — 

1.  Given  travel  and  port  openings  to  steam  for  two  positions  of 
the  main  crank,  to  dmw  the  hypothetical  diagram. 

A  particular  case  of  this  is,  given  half  travel,  cut  off  and  lead. 

2.  Given  travel  and  ratios  of  amounts  of  port  openings  for  thrt*c 
positions  of  the  crank,  draw  the  diagram. 

8.  Given  travel,  advance  and  ratio  of  lap  to  lead. 

4.  Given  amounts  of  |><)rt  opening  for  three  positions  of  the  crank. 
A  special  c^ase  of  this  is : — given  the  lead,  the  position  of  the  crank 
at  cut  off,  and  the  opening  of  the  port  in  some  other  position  of  the 
crank. 

5.  Given  the  maximum  opening  of  the  port  and  given  the  open- 
ings for  two  given  posit icms  of  the  crank.  A  special  cAse  of  this  is  :^ 
Giv(»n  the  jK)sition  of  the  crank  at  cut  off,  the  lead,  and  the  maximum 
opening. 

299.  On  a  diagram  (Fig.  267)  lot  a  |X)int  Pshow  by  its  distance 
PE  from  a  line  B^OB,,  the  distance  of  the  piston  from  the  middle  of 
its  stroke,  and  by  its  distance  PD  from  a  line  0^00^  the  distance  of 
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valve  to  the  right  of  its  mid  stroke.    These  distances  need  not 

0  the  same  scale.  If  O^L  and  O^L^  are  the  laps  (to  the  same 
i  as  the  valve  motion)  on  the  two  edges  of  the  valve,  and  if  Oyl 
0^  are  the  two  inside  laps,  the  horizontal  lines  from  these  points 
the  curve  at  admiraion,  cut  oflf,  release  and  compression  in  for- 

1  and  backward  strokes.  If  the  valve  has  a  simple  harmonic  motion 
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the  piston  also,  the  curve  is  evidently  an  ellipse,  and  the  student 
do  well  to  draw  it  by  projection  as  in  Fig.  268.  Let  OB^  repre- 
i  the  half  travel  of  the  valve,  and  let  A^A^  to  any  other  convenient 
&  represent  the  travel  of  the  piston.  Describe  the  circles.  Let 
angle  E^OA^  be  made  equal  to  the  advance.  Divide  both  circles 
the  same  number  of  equal  parts,  and  number  the  points  of 
sion,  beginning  with  A^  and  -ff^  as  0,  1,2,  &c.  Project  vertically 
\  points  on  the  larger  circle,  and  horizontally  from  corresponding 
its  on  the  smaller  circle,  and  we  evidently  obtain  the  curve  re- 


id.  Thus  if  G  is  a  |K)int  on  the  larger  and  H  on  the  smaller,  P 
point  on  the  curve. 

?o  take  into  account  shortness  of  connecting  rotl,  we  procee<l  as 
•e ;  but  Fig.  2(i9  shows  how  we  use  G  and  H  to  find  P.  We 
jct  from  G  to  A^OA^  by  our  curved  template  of  Art.  67  to  find  (?^ 
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and  the  vertical  from  G^  meeting  the  horizontal  from  S  gives  tbe 
true  P. 

Or  again  we  may  take  the  diagram  Fig.  296,  and  in  Fig.  297  we 
plot  Cc  as  ordinate  and  CE  e^  abscissa. 

300.  Mr.  Macfarlane  Cray's  (or  MuUer's)  method  of  showing 
the  displacement  of  the  piston  for  any  position  of  the  crank  ii 
interesting  to  look  at,  but  is  not  easily  applied  in  practice  because 
of  the  great  size  of  the  drawings  needed.     Prov«  its  correctness. 

Let  ^Oi^(Fig.  270)  be  the  line  of  centres,  the  piston  being  oo 
the  side  A,    Let  G  be  the  crank  pin  and  0  the  centre  of  the  crank 
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shaft,  OG  =  r,  AC  =  /J the  length  of  connecting  rod.  Describe  the 
circle  A  JF  about  0  with  /  -f  r  as  radius.  Describe  BITE  with  l-r 
as  radius.  On  -^  ^  as  diameter  describe  A  IE,  Then  for  the  position 
G  of  the  crank  pin,  the  displacement  of  the  piston  from  the  left 
hand  end  of  its  stroke  is  JI\  displacement  from  the  right  hand  end 
being  HI.  For  the  position  G^  of  the  crank  pin  we  have  H^P  the 
displacement  of  the  piston  from  the  right  hand  end  of  its  stroke. 

301.  Combinations  of  Motions.  All  cranks  or  eccentrics 
working  sliders  are  given  as  to  j)Osition  when  we  say  that  they 
have  .SO  much  advance  a,  that  is  the  amount  in  excess  of  90^  by 
which  they  are  ahead  of  the  main  crank  ;  the  half  travel  r  being 
also  given.     The  motion  is  defined  by 

y  =  rsin  {6  -¥  (i) (1) 

y  being  distance  of  slider  to  right  of  mid  position  when  main  crank 
makes  an  angle  0  with  dead  point.  Suppose  that  one  crank  can  giv« 
motion  (1)  and  another  crank  can  give 

y^  =  r^  sin  {0  +  a^) (2) 
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Suppose  that  a  slider  could  get  both  these  motions  at  the  same  time, 
what  would  the  total  motion  be  ? 

Draw  the  two  cranks  in  their  proper  positions  relatively  to  the 
main  and  of  their  proper  lengths.  Thus  {{OB  (Fig.  271)  is  the  main 
crank  and  MON  is  the  direction  of  motion  of  the  slider,  draw  OF 
at  right  angles  to  OJ).  UFO  A  =  a  and  0^  =  r ;  HFOB  =  a^and 
Qfi=:r^,  complete  the  parallelogram  OAEB,  Then  OE=^B  is  the 
length  of  a  crank  and  FOE  =  a  is  its  angle  of  advance,  which  would 
give  to  the  slider  a  motion  which  is  the  sum  of  the  motions  (1) 
and  (2). 

To  prove  this,  drop  perpendiculars  from  Ay  B  and  E  on  ON,  The 
slider  would  be  at  the  distance  OA^  to  the  right  of  its  mid  position 
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^OA  alone  worked  it ;  it  would  be  at  the  distance  OB^  to  the  right 

<^  its   mid  position    if  OB  alone   worked  it ;  it  would  be  at  the 

distance  OE^  to  the  right  of  its  mid  position  if  OE  alone  worked  it. 

But  it  is  obvious  that  as  OA^  OE,  and  OB  are  supposed  to  go  round 

^th  the  same  angular  velocity ;  in  any  position  whatsoever  OE^  = 

0^*  +  0-B*,  and  hence  the  proposition  is  proved.^ 

In  particular  let  the  student  notice  that  if  «  =  0  and  (0^  =  90,  (1) 

*nd  (2)  become 

X  =  r  sin  Q,  o,^  =  r^  cos  6 

and  a:  +  a:^  =  Jr'^v*'  sin  {fi  +  a) 


vi 


Y 

*here  a  is  such  that  tan  a  =  — . 

r 

He  had  better  draw  the  figure  that  corresponds  to  this. 

Exercise.  Suppose  that  a  slider  gets  the  motion  (1)  and  that 
another  slider  moving  on  or  near  the  first  gets  the  motion  (2),  what 
^  the  motion  of  the  second  slider  relatively  to  the  first  ?  That  is, 
appose  a  fly  to  be  on  the  first  slider  and  not  to  know  that  it  was 
^  motion,  looking  at  the  second  slider,  what  would  the  motion  of 
this  second  slider  appear  to  be  ? 

*  A  atndeiit  who  known  a  Utile  trigonometry  eeee  how  to  express  FOE  and  the 
l*^(th  of  OE  in  terms  of  a,  a\  r  and  r*. 
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aw  OA  and  0J3  (Fig.  272)  as  before.  Make  OA  tlit 
irallelogram  OBAE  of  which  OS  is  a  side.  Then  01 
is  a  crank  which  waW 
give  to  the  second  alidcMi 
the  first  slider  were  at  iwt 
the  motion  which  the  flf 
thinks  that  it  has  »hft 
both  sliders  are  realli  in 
motion. 

This      proposiliiPii   a 
Ive  works  on  the  bock  of  RnothnB 


ogiv 


i  to  a  slider  a  combinaliic 


;  Machine  has  shown  us  hoiio 
many  simple  harmonic  moliuB 


ed  in  cases  where  one 
.  150. 

iU3.  In  what  way  is  it 
two  motions  ? 
Lord  Kelvin  in  his  Tide 
:  to  an  inkbottle  a  conibin 
/arioiis  frequencies,   am  > 

ai'tl  ejHichs.  But  he  used  a  HexiDie 
connection.  Usually  the  mechani- 
cal engineer  requires  a  rather  rigid 
connection. 

Let   three   cranks   work,  nearly 
at  right    angles    to   it,    the    three 
corners  of  a   plate  (Fig. 

273).  Then  from  any  point  P  in  that  plate  a  slider  may 
be  worked  by  a  rod  Fli'  which  would  get  a  comhiw 
tion  of  the  three,  depending  on  where  the  pobt  iJ 
placed. 

In   this   way  by   again  combining  such  motioas  «t 
can  give  a  slider  a  combination  of  many  crank  motions 
ir*e  of  a  Link.    Usually  we  only  want  to  comhiK 

two  crank  motions,  and  a  link  is  commonly  used. 

y,g  „^_  If  A  and  B,  Fig.   274,  are  two  points  getting  sffliU 

displacements  (or  velocities,  or  accelerations)  a  and(»t 
right  angles  to  A  B,  then  the  displacement  (or  velocity  or  accelff' 
tion)  c  of  C,  a  point  in  the  same  straight  line  is 


AB" 


AB 


(1) 


Notice  the  fraction  of  each  of  the  two  motions  that  C  gets  and  stodj 
the  proposition  well.  It  is  quite  easy  to  prove  by  drawing  -i  J'  =* 
and  iffi'  =  h,  and  calculating  CC^  or  c. 


? 


1 


I 
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I  shall  here  speak  of  the  link  as  being  vertical  and  its  displace- 
ments as  horizontal. 

If  in  the  plane  of  the  paper  the  end  A,  Fig.  275,  of  the  straight  link 
AB  gets  a  horizontal  S.  H.  motion  from  the  crank  OA',  whose  centre 
is  on  the  level  of  A  and  the  end  B  gets  a  S.  H.  motion  from  the  crank 
OF,  whose  centre  is  on  the  level  of  B  and  which  goes  round  with  the 
same  angular  velocity,  then  any  point  C  in  the  link  gets  a  motion 
vhich  is  just  the  same  as  if  it  were  worked  by  an  ideal  crank  rotating 
at  the  same  angular  velocity  about  a  centre  0  on  the  level  of  (7.  To 
find  this  ideal  crank:  Let  OA"  and  OB^  show  the  relative  angular 
positions  of  the  given  cranks  at  any  instant,  and  let  OA''  and  OB^ 
represent  their  lengths  to  scale.  Join  A^'B^.  Divide  A^B"  in  CT  so 
xhniA'CTiCrB'  aaACiCB.  Join  06^  Then  0^  is  an  ideal  crank 
of  the  proper  length  and  properly  related  angularly  to  the  given 
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cnmkB  to  give  to  a  point  C  exactly  the  same  motion  which  it  gets  in 
quite  a  different  fashion.  C  rt^ally  gets  its  motion  because  it  is  in  a 
link  JCjB;  but  the  crank  OC  would  give  it  that  motion  if  it  were 
not  constrained  by  the  motions  of  A  and  B, 

To  prove  this.     Draw  CTI)  and   C'E  parallel  to  KO  and  A'O. 
Magnify  the  figure  as  shown  here.     C  has  a  fraction  of -4's  motion  ; 

BC  n 

the  fraction    -.-^     Now  A  is  moved  bv  a  cmnk  like  0A\     Hence  G 
As> 

woald  get  its  proper  fraction  of  ^'s  motion  if  it  were  moverl  by  a 

crank  ^^.  0A\     But  A^CB"  is  dividcKl  proiH)rtionatrly  to  A  CB,  and 
AB 

We  see  that  OD  is  just  the  crank  which  would  givo  to  C  its  proper 
fraction  of  -4*8  motion.  Similarly  OE  is  just  the  crank  which  would 
give  to  (7  its  proper  fraction  of  Bs  motion,  and  it  is  evident  from 
Art.  301  that  the  ideal  crank  OCT*  wouhl  just  give  the  sum  of  the 
motions  which  OD  and  OE  would  give. 

We   always  assume  the  motions  to  be  simple  harmonic  and  to 
be  very    small   and  at   right   angles   to   the    length  of  the   link, 
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Jfff  Mc  ^  ^nddv  b«»  «his  these  cooditiuns  an  ■ 

li  if ^iiiViiii,  if  itii  •iiir'  ^"^  ^'"'  — '~  — ^'^ 

<H^  mmkts  with  the  de«l  pcnnl  ]« 

!  &«n  the  cyl^  K 

ofc"     Th«Be  Ujms 

c  thcai  tn  An.  Ti 

^_  [  L     Id  a  link  the  paM  i 

gBB  a  hair  teaad  a  and  an  advaim  • :  iW 

t  M  ge^  a  ^ttasdia^a  jJimiii  A^hal  «re  tlwtf 

J^ii  wii    rf  — 

•in  cnskaniM 

iO^  =  a.   MaketfOir-i 

^Or  =  k  J^m^M-  smCmsibeHakABiaimlt 

mC;  lfekiiriBad«rt.  ina^feaf  advance  is  f;«(r. 

Edk^X.  SiffMciwa  tB««l  af  J  B  abebaUNiJ 
r^rT^i^n,  iMWi  ihi  Miiii  if  I  m  tii  i  inrt  UieaJnocfif 
#  ta  ha  1»  ihipiiii,  fcj  ifcg  Mf  aawl  a^  advanw  of  C. if  Ca 
iMlBd  ak^  has  Jl  fcaM*i  Jl.  be  aha  C  b  ai  ^  :  2iid. «lia 
JC»  i^A:  ML  ahaa  jr  =  S  J«;  4kh.  «hai  ^C  =  }.4£;  S4 

ExnoK  S.  ?^|  Ife  Wr  uand  ^  ^  to  be  3r  and  iu 
B4«aMre  0:  the  Wnwv  «r  J  t»  W  90*  mJ  as  half  uard  tote 
»:>r^'i  ~c  •:■  T-    I   -■,  ±  -■:■  -^  -s.:  4  -j&Aes :  find  the  half  liavet  ai 


iZr^ZZ'.   Jin-:   2'.'ir.:r.-z 
A  A^'i  i  in.  i  ii:  -ir-; 

ar;    Sr'jm    A    im-:     £ 

mioh.  ia  ch-r  sim-r  wiv         *"  p^j_  ,_ 

ds  in  liiT  -zr-ii/nz  '.ui-r. 

303.  EiEK'  L~E  -I.  Sappt^  '.hat  if  in  Fig.  275  insteal  " 
A  ami  £  bmuj  worW-t<i  bv  i.-nink^  '.'J'  imi  OB"  on  their  own  kid 
Lhr:/  :ir-7  both  worked  fknn  the  aa^K  ibaA  as  in  F^.  277. 

Fuid  by  :<kelt:t<>a  <iiuwins  ••r  in  any  oth«r  war  the  KnitBof ''' 
mocioa.  sai'  A"  iuui  A".     Now  aoCte  chac  if  a  ctank  O^m'  tm  thesV 
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level  as  A  worked  ifc  in  the  direction  (7-4,  A  would  be  at  A*"  when  O'a' 
or  (ya"  is  horizontal ;  but  truly  Oa  would  then  be  in  the  direction 
OA'  as  shown  in  the  dotted  line ;  in  fact  (/a  must  be  ahead  of  Oa 
liyan  angle  equal  to  A  00  and  its  length  must  be  half  of  A^A'", 
}n  looking  into  the  matter  more  carefully  it  will  be  seen  that  the 
ingle  ought  to  be  something  between  A" 00  and  A"VO.  I  usually 
ake  OAq  the  length  of  the  rod  a^  to  find  the  point  A^  and  I 
ake  the  angle  AJ30  to  be  the  coiTect  amount  by  which  Oa!  is  ahead  of 
^o.  Also,  I  think  that  it  will  be  easily  seen  that  the  length  of  Oa!  is 
test  obtained,  not  by  skeleton  drawing  and  finding  the  positions  of 
IlA!'\  &c,  but  by  making  aOa  =  A^OO,  and  drawing  aa  at  right 
ingles  to  Oa\  thus  Oa  is  found  parallel  and  equal  to  O  a\  In  the 
ame  way  we  find  Ofi  a  virtual  crank  which  on  the  level  of  B  would 
pve  it  the  motion  which  it  gets  from  0  b.  Now  of  course  if  we  join 
10 and  divide  in  7  as  the  link  A  Bis  divided  in  0  we  get  Oy  a  virtual 
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cnmk  which  if  on  the  level  of  C  would  give  to  C  the  motion  that  it 
really  gets. 

304.  Although  the  above  way  of  putting  this  matter  will  commend 
itself  to  the  practical  man,  the  following  more  mathematical 
BMthod  may  also  be  welcome.  In  any  case,  however,  we  arc  com- 
pelled to  leave  out  small  terms  and  to  an  experienced  man  the  above 
method  is  just  as  good  as  this  that  follows. 

A  crank  0«=r  works  a  slider  Q  in  the  direction  QCy  what  is  the 
nature  of  the  motion  of  Q,  Fig.  270  ? 

Perhaps  it  is  more  simply  seen  in  Fig.  278.  P  is  the  middle  of 
?8  path  A^B*.  If  the  motion  were  in  the  direction  BPA  0,  in  the 
line  of  0,  FA=PB=r,  By  drawing  BB"  and  A  A'  perpendicular  to 
OAB  we  have  the  ends  of  the  path  of  the  slider,  if  the  rod  were 
iifinitely  long.  Now  if  a  crank  at  0'  gave  the  motion  A' PR,  it 
•ooM  be  of  length  PA  =  PB!  ^  r  sec  a  and  when  the  0  crank  was 
liiected  towards  OB'  (the  same  as  OP  if  rod  is  verj'  long)  the  0' 
iBnk  woald  be  directed  in  the  line  O'P,  In  fact  the  C7  crank  would 
e  m  ahead  of  the  0  crank. 
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Let  OC,  Fig.  279,  be  at  right  angles  to  CPQ, 

Let  PQ^x,     Let  OS=r,  SQ=l,  C0S=9,  OP^l,  OC  =  a, 

lAtCP=k=  ^W^, 

^  sin  ^ =a  -  r  oob  6,  therefore  /  cob  ^  =  J  I*  -  a* + 2ar  oo»  0  -  r*  coe*  0. 

;««--..     I  i^y  1  .  2ar  cos  a  -  r«  co«*  9, 
<cos^  =  itV  1  + _ 

Treat  jj{2ar  cos  0  -  r'  cos  -  a)  as  a  small  quantity  ;  that  is,  like  o*  where 


\/l  +  a'=l+Jo'  very  nearly. 

Having  done  this,  use  2 cos*  9=cos  2a+ 1,  and  we  find 

,  ,      ar  cos  a      r'       r* 

,cos*  =  t+  — ^  -  -  - -co.2». 

Hence 

a:=  -  TT +r8ina+ -T-oosa- TTCOs2a    .    .    .     •    (2). 

Nowrsina+~cosa=rVl+  ^  sin  (a+tan-^pY 

and  the  meaning  of  this  is  : — 

Set  off  0  T'  ahead  of  OS  by  the  angle  SO  T=OPC ;  make S  T  perpcndictilar 
to  0  iS  ;  then  the  motion  of  Q  is  what  a  crank  of  length  0  7",  and  parallel  to  Of 
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with  an  infinitely  long  connecting  rod,  would  give  it,  if  its  centre  were  on  lh« 

r* 
level  of  PC  ;  but  there  is  also  an  octave  of  the  amount  — :  cos 2  $.     It  will  1* 

4a,* 

seen  that  this  octave  is  exactly  in  the  same  proportion  to  its  fundamental  »f  '^ 

the  crank  r  with  a  rotl  k  worked  a  slider  directed  towards  O  in  its  motion. 

305.  Now  notice  that  if  instead  of  Q  having  a  horizontal  motion 
from  Q  to  Z,  Fig. 280,  it  moves  from  QtoRorQtoN;  QMheing  in  the 
direction  of  the  centre  of  the  shaft.  Instead  of  the  direct  displacement 
QMwii  have  (drawing  J/iV^Z at  right  angles  to  QM  and  ^iSand  XT 
vertical)  displacements  QN  or  QR,  instead  of  QZ,  and  the  horizontal 
components  Q  V  or  QT,  or  QS  or  QZ  arc  by  no  means  equal.  Hence 
the  horizontal  motion  of  any  point  in  a  link  depends  upon  the  direc- 
tion of  its  path  and  this  depends  upon  its  method  of  iiifptD- 
sion.  Given  the  horizontal  motions  of  the  ends  we  easily  find  the 
horizontal  motion  of  any  point  in  the  link,  but  we  have  no  easy  rule 


XXTUl 


VALVE   MOTION   CALCULATION 


495 


as  yet  for  finding  the  horizontal  motions  of  the  ends  for  every  method 
of  suspension.  There  is  another  important  matter.  The  valve  is 
oot  worked  from  an  invariable  point  (7  in  a  link  whose  distances  from 
the  ends  A  and  B  are  constant.   It  will  be  shown  in  Art.  329  that  the 
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complicaticm  introduced  by  the  ■Hding  of  the  block  in  the  link  is 
iK)t  such  a  serious  matter  as  the  above  one. 

I  hope  that  students  will  bear  in  mind  the  above  considerations 
when  studying  the  following  rough  and  ready  rules  (the  only  ones 
bown)  for  link  motions  in  general,  so  that  they  may  not  imagine 
these  rules  to  be  more  accurate  than  thev  reallv  are. 

306.  Fig.  281  shows  the  Gooch  link  motioii.  If  the  forward 
Oaand  backward  Oh  eccentric  cranks  are  each  3  inches  and  each 


Vv*.  r»: 


Utt  30  degrees  of  advance,  that  ij»  f:sa^:Yi  'is  120  tUf'^t'j^h  (rout  th';  lu^iu 
link.  Eechoftliemisaaidtohave*iOde;fr<:^ofa/lvan';i:  (iOa  ox  HOh, 
eeaose  in  full  fbrwaid  gear  the  valv«.-  wiay  U.'  ^aid  t/>  !/«•  work'i<i  by 
be  ftrwaid  eoo^itnc  akme  and  in  full  >^;k  %^^r  tk<f  valve-  may  \t^'. 
lid  lo  be  worked  by  the  back  ^rcrx-ntric  alon^r.  th^:  t^w^iutt  g'^iiig  the 

ivene  way* 
Dimw  die  geer  in  dead  p&ini  pottUum  with  th<;  crank  away  from 
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the   cylinder.     la   this   position  see   if   the   roda  aA  aod  t 
crossed  or  open.     The  figure  shows  open  eccentric  mdji.    Inuent 
the  iink  ^fi  to  be  so  supported  and  the  rodHtobesolongrektiv*lj» 
the  tink  that  A  and  £  move  horizontally  ;  A  gets  motion  fmutit 
eocentric  Oa  i  B  geta  motion  from  Ob ;  the  block  C  may  bo  raised 
lowered.     It  works  the  valve  rod  Vin  the  direction  OVandaAnA 


V  gets  the  horizontal  motion  of  C  if  the  radius  rod  C  K  is  held  »i ' 
constant  elope  by  the  other  parts  of  the  gear, 

Oa  =  06  =  3 inches;  GOa  =  HOb  =  30'' Aa  is  peq)endicular  to (Jf 
aOa  is  made  equal  to  AOV.  bff  is  found  in  the  same  nf 
Join  a  0  and  divide  in  7  in  the  proportion  in  which  ^  B  is  divided  bj 
C,  then  Of  is  the  half  travel  of  the  valve  in  the  present  position  « 
the  gear  and  GOy  i»  the  angle  of  advance. 

Notice  that  if  the  gear  is  shifted  C  being  altered  in  posi 
our  figure  aO^  is  not  filtered  ;  wo  only  alter  the  position  of  7. 

In  Gooch  gear  with  crossed  rods,  see  Fig.  282,  the  studeui 
find  that  Oa  is  now  behind  0  a  by  the  amount  A  0  V.    There  i 
difficulty    in    seeing    the    reason  for    the 
rule  used  in  the  following  example. 

Let  full  fore  and  back  half  travels 
each  be  3",  advances  40  degrees.  Draw 
the  gear  in  the  dead  point  position.  Set 
off  oa  =  ob  =  3',  Goa  =  Hob  =  40°.  Make 
aoa  =  bo^  =  AoV  =  £oV.  Draw  a  a  and 
6j3  at  right  angles  to  oa  and  ob  and  so 
get  a  and  /3.  Join  them  and  divide  a^  in 
7  the  proportion  in  which  0  divides  the 

link.     Then  oy  is  the  half  trnvel  ajid   Goy  is  the  advance  of  iht 
valve. 

307.  Stephenion  Link  Motion.  Show  it  in  dead  point  positu* 
and  at  mid  gear. 

I.  Open  eceeiUric  rods.  Esa.MI'LE,  Fig.  284.  Forward  eccentric  i» 
travel  3',  advance  30°.   Same  for  back.  Makeoa  =  06  =3',  Goa=B>* 
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In  full  forward  or  backward  gear  when  A  is  lowered  to  C  or  J5 
d  to  C7  the  half  travel  and  advance  are  really  as  represented  by 
1  ob.  Let  the  student  satisfy  himself  that  this  is  so  [and  that  it 
be  so  also  if  the  rods  were  crossed]. 

is  only  then  in  intermediate  positions,  say  half  gear  or  mid 
hat  we  have  to  use  our  rule  of  Art.  303,  which  is  of  course  a 


tedious.  Now  we  find  it  necessary  to  work  out  an  answer 
ly  only  in  one  intermediate  position,  say  the  mid  gear  position  as 
Our  rule  of  Art.  303  comes  evidently  to  this.  Make  aoa  =  bofi 
C,  Draw  aa  and  bfi  at  right  angles  to  oa  and  ob.  Join  a/3  and 
in  7.     Then  we  have  the  following : 

swers.  Full  forward  gear  0 a  =s  J  travel,  Ooa  ^  angle  of  advance 
Full  back  gear  ob  =  \  travel,  Hob  =  angle  of  advance. 
Mid  gear  07  =  J  travel,  90®  angle  of  advance. 

Gkw  a  curve,  an  arc  of  a  circle  say,  through  ayb  and  assume  what 
)e  nearly  true,  that  if  this  arc  ab  he  divided  at  any  time  in  a 
e  in  the  proportion  in  which  the  link -4  jB  is  divided  by  the 
7  then  oe  is  the  half  travel  and  Qoc  is  the  angle  of  advance. 

Work  out  in  the  same  way  the  same  example  but  with  crossed 
ric  rods, 
both  cases  test  the  following  rule  invented  by  Mr.  Macfarlane 

We  have  given  oa  and  06,  Fig.  284  ;  join  a  and  b  by  an  arc  of  a 

Mrhose  radius  is — 

ab  X  a  A 

2AB 

og  the  straight  distance  from  a  to  b.     If  the  rods  are  open,  the 
aoncave  to  0.     If  the  rods  are  crossed  the  arc  is  convex  to  0, 
m  not  sure  that  this  or  any  other  so-called  easy  rule  is  really 
than  the  above  correct  rule. 

tihe  student  beware  of  refining  too  much  on  any  of  these 
aetioDfl.    He  ought  to  remember  that  they  are  all  approximate. 
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len  to  talk  learnedly  aboat  whetbPT  the  arcs  threap 
e  above  figures  ar^  arcs  of  circles  or  arcs  of  panbaht 
■r^e  dealing  witb  rales  of  infinite  exactness. 

n  Link.  This  is  more  troublesome  than  eitb«ra(# 

;he  gear  at  dead  point  position,  and  in  fail  fomid  got 

eacQ  aise  by  our  rule  of  Art.  303  ob.  Fig.  285.  the  half  tiw' 

a  the  angle  of  advance.     In  the  same  way  find  o0  tti& 

^  back  gear  and  07  or  07'  for  mid   gear.    The  nA 

has  to  be  followed  out  in  each  case  but  baTiiu;M 

we  know  o0  unless  the  link  is  an  unsTTDiiKUial 

one.     07  is  the  sort  of  mid  gear  answer  oDe  obBitP 

if  the   Djdi  len  and  oy^  if  crossed.   So* 

draw  an  a)  rcle  through  ayff  or  ay'S''^ 

for  any  ii  te  position  di^-ide  the  ut  m 

the  block  divides  the        k  i  oc  is  the  half  travel  of  tin 

f  and  Goc  is  the  ai  ice. 

t  Exercises  of  Art.  svery  young  student  oughi  i» 

will  have  taught  whaf  tiange  of  distribution  oU'j/hh 

Tiay  expect  by  shifli  above  link  motions.    The  qui 

studies  his  results  hj  ..  of  Art.  80  will  possess  sihat  s 

sometimes  thought  to  be  very !~  .<wic<  d  knowledge  of  this  subject 

SOO.  Oeneral  Remarks  on  Unk  Motloni.  Any  arc  of  the  lisl 
10  the  Stephenson  motion  has  as  its  radius  the  distance  to  the  cenW 
of  the  eccentric  disc.  Any  arc  in  the  Gooeh  link  has  as  radiuj  it* 
distance  to  the  worked  pin  on  the  valve  rod.  There  is  a  geomettiral 
construction  to  find  exactly  the  positions  of  the  points  G,  A'andf 
Fig.  118,  in  the  Allan  Link.  In  all  valve  gears  there  is  some  sucii 
essential  rule.  Such  rules  need  not  be  remembered  :  any  man  who 
can  reason  a  little  will  work  out  such  rules  for  himself  if  he  will  onl; 
remember  the  reason  for  them,  which  is  this :  When  a  gear  is  shiM 
there  is  ono  thing  that  must  remain  nearly  unaltered — namely,  ibr 
position  of  the  valve  at  mid  travel. 

I  do  not  think  that  anybody  has  yet  given  attention  to  the  possi- 
bility of  getting  a  good  result  by  arranging  that  when  the  gear  is 
shifted  the  valve's  mid  travel  shall  not  be  a  symmetrical  position  om 
the  ports,  and  yet  careless  constructors  of  gears  sometimes,  acci- 
dentally, benefit  by  the  method.  This  is  only  one  of  many  interes% 
problems  which  ought  to  be  worked  out  with  simple  models. 

The  rules  which  I  have  given  will  only  enable  as  to  state  retber 
roughly  what  occurs  when  the  gear  is  shifted.  We  use  them  to  help 
in  designing  the  gear,  and  then  we  make  a  model  or  a  skeleton  dnw- 
ing  to  show  what  the  exact  motion  of  the  valve  is.     ThefoUowingis* 
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drawing  office  method  of  making  a  skeleton  drawing.  It  is  desired 
to  draw  the  motion  of  the  valve  full  size  or  two  or  three  times  full 
size  without  showing  the  crank  shaft  and  drawing  arcs  with  radii  so 
great  as  the  eccentric  rod  lengths.  Let  ED,  Fig.  286,  be  a  position  of 
the  reversing  link  in  which  we  wish  to  study  the  motion  of  V  on  the 
valve  rod  VR :  we  really  move  the  main  crank  into  say  24  positions 
and  for  each  of  these  we  find  the  position  of  the  link  and,  therefore, 
the  horizontal  displacement  of  V.  This  means  that  having  the  arc 
,  DU  with  Ji^as  centre,  for  each  position  of  a  and  h  {oC  \&  the  main 
cimnk,  oa  and  oh  the  forward  and  back  eccentrics)  we  strike  out  the 
two  arcs  AA\  BB  with  a  and  h  as  centres  and  the  lengths  of  the 
eccentric  rods  as  radii,  and  having  these  three  arcs  AA,BB,DIf  ^  we 
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g^t  a  tracing  of  the  link  and  place  it  on  our  drawing  so  that  the 
points  A  and  B  and  D  are  on  the  three  arcs,  and  now  we  mark  the 
position  of  V.  The  dotted  part  of  Fig.  286  may  be  dispensed  with. 
We  draw  oC,  oa,  ofi  SLsif  o  were  the  crank  shaft  centre ;  oC  the  main 
crank  and  oa  and  00  the  two  eccentrics  in  any  one  of  say  24  posi- 
tions. Now  prepare  a  template  like  GffJ/S  with  an  arc  /3J  drawn 
with  a  radius  bB  or  a  A  and  with  a  line  on  it  0/3  normal  to  the  arc  at 
S*  Apjdy  this  template  so  that  the  point  /3  on  it  is  at  /3  or  a  on  the 
diawing,  and  Gfi  is  horizontal,  and  evidently  the  arc  RBJorAA' 
maybe  drawn. 

I  may  say  that  I  do  not  like  the  method  unless  a  better  kind  of 
template  is  prepared,  because  there  is  always  great  chance  of  error 
vheo  we  are  asked  to  draw  a  line  from  a  point  that  must  be  the 
eomer  of  a  eet  square  or  template. 

8  lO.  We  shall  see  in  Art.  327  that  the  sliding  motion  of  the  block 
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in  the  link  slot  does  not  practically  introduce  any  octave  into  the  val?e 
motion  and  therefore  does  not  tend  to  produce  inequality  of  distribu- 
tion on  the  two  sides  of  the  piston.  Although,  therefore,  its  study  is 
of  no  great  importance  in  connection  with  steam  distribution,  it  is 
important  to  try  to  diminish  the  sliding  on  account  of  wear  and 
tear.  The  student  ought  to  make  skeleton  drawings  showing  the 
actual  motions  during  the  revolution  of  an  engine,  of  points  at  the 
ends  and  middle  and  half  way  between  the  ends  and  middle ;  Ist, 
when  the  link  is  suspended  at  the  middle  of  the  slot ;  2nd,  at  the  usual 
point  near  the  middle  ;  3rd,  at  one  end ;  4th,  half  way  between  middk 
and  one  end.  He  will  find  that  the  first  is  best  for  engines  expected 
to  go  equally  well  in  both  directions,  and  the  4th  is  best  for  an  engine 
which  is  mainly  expected  to  go  in  one  direction.  In  fact  the  point  of 
suspension  ought  to  be  near  the  position  in  which  the  link  block 
most  commonly  works.     This  is  what  is  usually  said.     It  is  on  the 
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assumption  that  we  want  the  valve  to  have  a  nearly  pure  simple 
harmonic  motion,  but  I  am  not  sure  that  this  is  what  we  ought  to 
aim  at. 

Students  must  make  their  own  drawings,  but  Fig.  287  illustrates 
my  meaning.  The  paths  of  the  suspension  point  S  and  four  other  points 
are  shown  for  each  method  of  suspension  of  a  Stephenson  link  with 
open  rods.  In  the  second  set  the  suspension  point  is  really  the  middk 
of  the  chord  of  the  link. 

It  is  easy  to  draw  the  link  when  in  mid  gear  in  its  positions  for 
the  two  dead  poincs.  The  line  bisecting  at  right  angles  the  distance 
between  these  two  positions  of  the  suspension  pin  is  the  aTeraf* 
position  of  the  suspension  (or  reversing)  link  for  all  positions  of  the 
gear,  so  that  it  is  easy  to  get  the  best  arrangement  of  G,  Fig.  117. 
Stephenson,  or  of  C,  Fig.  119,  Gooch.  I  am  afi^id  that  I  do  not  believe 
much  in  giving  more  exact  rules  than  these,  nor  do  I  believe  in  the 
mathematics  with  which  we  sometimes  try  to  disguise  the  fiact  that 
we  are  trying  to  get  rid  of  octaves  in  the  motion,  and  these  octave* 
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oay  be  Tery  tueflil  helps  and  ought  to  be  cultivated  in  the  right 
lirection  rather  than  destroyed. 

Exercise.  Show  that  with  the  Stephenson  link  if  the  engine 
uns  only  one  way  we  can  greatly  equalise  the  lead  for  different 
mounts  of  expansion  by  using  unsymmetrical  eocentrics.  I  give 
his  exercise  because  it  is  a  common  exercise  for  students  and 
rill  do  no  harm,  but  I  cannot  see  why  people  should  be  anxious 
o  effect  this  object. 

all.  Badlal  Valve  dear.  In  link  motions  and  radial  valve 
;ear  we  have  a  link  AB  whose  average  position  is  at  right  angles  to 
he  direction  of  motion  of  the  valve.  The  great  diffiBrence  between 
hem  is  this ;  in  link  motions  A  and  B  get  motions  in  the  direction 
)f  the  valve  rod  whose  half  travels  are  generally  the  same,  their 
angles  of  advance  being  acute  angles  and  equal  for  the  two  directions 
of  motion ;  the  point  C  which  works  the  valve,  shifting  relatively  to 
A  and  B  when  the  gear  is  shifted ;  whereas  in  radial  valve  gears  the 
advance  of  A  is  either  ±  90** ;  that  is,  -4  is  in  +  or  —  synchronism 


Fig.  288. 


^th  the  crank  pin  ;  B  has  an  advance  0  but  a  variable  half  travel ; 
Ae  point  C  which  works  the  valve  never  alters  its  position  relatively 
^AsndB. 

In  link  motions  angles  must  be  carefully  measured  before  we  can 
even  roughly  approximate  to  the  conditions,  whereas  in  radial  valve 
geais  by  an  easy  inspection  we  see  the  half  travels,  we  know  that  the 
advances  are  90*  or  0,  and  we  have  no  difficulty  in  making  a  rough 
apfnroximation  to  the  motion  of  the  valve. 

Thus  for  example,  let  C  be  between  A  and  B.  Then  we  know 
that  A  will  have  90*  advance,  B  has  no  advance. 

Let  KOa,  Fig.  288,  be  the  line  of  centres;  let  Oa  be  the  half 
tmvel  of  A  with  its  90''  advance ;  let  Ob  be  the  half  travel  of  B 
vith  its  no  advance.  Join  ba  and  divide  ba  in  c  in  the  proportion 
a  which  Cdivides  the  link  BA.  Join  Oc ;  then  Oc  is  the  half  travel 
'the  valve  and  hoc  is  the  angle  of  advance. 

Let  the  gear  be  shifted  so  that  Ob'  is  the  half  travel  of  B. 
fotiiiiig  else  is  altered.    Join  Va  and  divide  as  before  in  C.    Then 


502 


THE  STEAM   ENGINE 


CBAP. 


Od  is  the  half  travel  of  the  valve  and  lod  is  the  angle  of  advance. 
Evidently  all  points  like  c  c\  &c.,  lie  in  a  line  at  right  angles 
to  OA. 

It  is  evident  by  drawing  Zeuner  Circles  that  in  all  radial  valve 
gears,  as  in  the  Qooch  link,  the  lead  is  constant. 

312.  I  have  given  the  general  definition  of  all  radial  gean. 
There  are  several  forms  of  radial  valve  gear  which  satisfy  thi« 
definition : — 

**  There  is  a  link  A  By  Fig.  289,  whose  average  position  is  at  right 
angles  to  the  valve  rod;  A  describes  a  closed  curve  more  or  lew 


Fig.  28y. 

nearly  circular  or  elliptic  and  B  has  a  reciprocating  motion  ;  a  point 
C  between  A  and  B  or  in  AB  produced  works  the  valve." 

Let  the  centre  line  of  the  engine  and  valve  rod  be  vertical 
liet  G'lTGH  be  the  path  of  A  ;  let  the  straight  line  BOS  represent 
the  average  slope  of  J5's  path.  Let  it  make  an  angle  a  with  the 
horizontal. 

Let  A  be  at  G'  when  the  crank  pin  is  in  its  lowest  position  and 
then  C  is  between  A  and  B. 

Let  -4  be  at  (r  when  the  crank  pin  is  in  its  lowest  position,  then 
CiamAB  produced. 

It  is  evident  that  the  following  construction  comes  from  the 
above  rule. 

(1)  As  in  the  Hackworth,  Manhall  and  other  gears  where 
C  is  between  A  and  B, 

Draw  lines  hoa,  Fig.  290, and  ho  at  right  angles.  Make  Oh  equal 
to  half  the  greatest  horizontal  dimension  of  the  figure  G' HGff, 
say  half  of  HIT  (that  is  the  distance  between  the  extreme  vertical 
tangents).  Make  Oa  equal  to  half  the  greatest  vertical  dimension  of 
G'HGH',^xy  half  of  GG'.  Divide  ao  in  c  so  that  oc"  :  c^a  ^BC:CA, 
and  draw  c'cc  at  right  angles  to  Oa, 

Thi*  gear  is  changed  by  altering  the  angle  a.     Set  oflf  ohh  =  a 
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cattmg  cVc  in  c.    Join  Oc ;  then  Oc  is  the  half  travel  and  boc 

Dgle  of  advance. 

As  in  the  Joy  and  other  gears  where  C  isin  AB  produced. 

>ve  description  is  correct,  only  that  cis  in  ab  produced  :  but 

\  it  is  better  to  write  a  new  description. 

w  lines  hoc",  Fig.  291,  and  bo  at  right  angles.  Make  oh  equal 
the  greatest  horizontal  dimension  of  the  figure  &HGH\ 

f  of  HE*.     Make  oa  equal  to   half  the  greatest  vertical 

Lon  of  &HOE!,  say  half  of  GG\     Divide  ao  produced  in  c"  so 

'  xiS'aw  BC  :  CA  in  Fig.  289  and  draw  cVc  at  right  angles 
The  gear  is  changed  by  altering  the  angle  a.^Set  oflF  ohb  —  a, 
and  produce  to  cut  d'c'c  in  c.     Join  oc,  then  oc  is  the  half 

nd  boc  is  the  angle  of  advance. 

en  one  sees  a  new  radial  valve  gear  for  the  first  time,  say  at 

n  railway  station  on  a  locomotive,  one  ought  to  look  out  for  a 
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^fB  or  ABC  with  the  above  mentioued  characteristics.    When 

nd  there  is  no  diflSculty  in  studying  the  motion. 

I.   In  some  engines  in  which  the  valve  is  worked  by  one 

c  there  is  a  governor  on  the  crank  shaft  which  alters  the 

vel  and  the  angular  advance. 

ne  form,  Fig.  292,  the  eccentric  disc  consists  of  two  parts 

c  to  one  another  and  to  the  shaft ;  one  is  keyed  on  the  shaft, 

)nd  is  loose  on  the  first.     They  are  connected  by  links  to 

masses  restrained  by  springs  and  a  dash  pot.     When  the 

{oes  too  fast  the  masses  move  out  from  the  centre  and  cause 

motion  of  the  two  parts  of  the  disc  so  that  the  outer  part 

I  a  disc  of  less  e«;centricity  and  more  advance.     It  is  easy  to 

that  the  change  shall  be  much  what  it  is  in  the  Gooch  link 

idial  valve  gear,  giving  a  constant  lead.     In  another  form 

only  one  disc  with  a  slot  in  it  at  right  angles  to  the  main 
nd  the  disc  moves  bodily  relatively  to  the  shaft  when  the 
r  masses  move.  In  vet  another  form  the  eccentric  disc  A  is 
ttached  to  the  straps  J9  of  a  ring  on  another  eccentric  disc  C 
\  the  crank  shaft.     The  masses  of  the  governor  cause   a 
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cotauon  at  B  tfUtively  to   the   »haa.  and   coDsequentlj  the  lod 
^eceotiiritv  of  J  is  ultered,  the  effect  being  a  change  of  travei  aj 
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Let  the  distribution  valve  have  a  half  travel  a  and  an  angle  of 
■vance  a.  liet  the  lap  he  L  and  the  inside  lap  I.  Find  the  positionfi 
the  main  crank  at  admission,  cut  ofif.  release  and  compression  as  if 
cut  oflF  valve  existed.  This  is  our  easy  example  of  Art  76.  We  let 
GA'.  Fig.  294,  represent  the  centre  line  of  the  engine  ;  DOIX  is  at 
rht  angles  to  AA'.  DOB  is  the  angle  of  advance.  OB  =  OC  (ia 
O  produced)  is  the  half  travel.  Z  and  Z  are  the  Zeuner  circles  on 
O  and  OC  as  diameters;    LL'   and  //'  are  arcs  with  0  as  centre 


id  radii  the  two  laps.  OLA,  OL'G,  01' R,  OIK  are  the  positions  of 
e  main  crank  at  admission,  cut  off,  relea.se  and  compression. 

Now  we  have  to  see  how  the  cut  off  valve  cuts  off  steam 
im  the  space  /,  Fig.  293,^  by  Ef  becoming  o,  before  the  crank 
aches  the  position  OC,  Fig.  294. 

OB  with  the  advance  DOB  works  the  distribution  valve.  Atany 
stant  the  displacement  produced  by  it  was  called  y.  Let  OE  with 
le  advance  DOE  work  the  cut  off  valve ;  at  any  instant  the 
splacement  produced  by  it  was  called  x.  AVe  want  to  find  a  crank 
bich  would  produce  a  displacement  y~x.  Art.  301  tells  us  to  make 
B  the  diagonal  of  the  parallelogram  OBBF  of  which  OE  is  one  side 
»d  OF  is  the  crank  required.  On  OF  describe  a  Zeuner  circle ;  we 
low  that  when  the  main  crank  is  at  OP  moving  in  the  direction  of 
e  arrow  from  the  dead  point  OA',  the  distance  0/*repre.seiil8  y  —  x. 
Dw  describe  the  circular  arc  KMQ  with  a  radius  equal  to  AI  —  BE 
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of  Fig.  293.  It  is  evident  that  PN  represents  AI  -  BE  -  (y  -  ar) 
or  EF  and  when  this  is  0  we  have  the  real  cut  off  at  OMC 

From  OMC  to  OQCT  the  passage  10  of  the  valve,  Fig.  293,  can 
receive  no  steam  and  so  the  cut  off  effected  at  0 £7  by  the  distributioD 
valve  itself  is  a  thing  of  no  importance. 

Note  that  OCT  must  occur  later  than  OC  else  we  shall  have  a  fresh 
rush  of  steam  when  the  passage  is  uncovered,  before  the  main  cat  off 
occurs. 

The  result  arrived  at  is  then  that  OA,  OC,  OB  and  OK  hie  the 
positions  of  the  main  crank  when  the  four  important  events  occur. 

The  two  usual  ways  of  varjdng  the  cut  off  are  (I)  altering  the 
throw  OE]  this  is  easily  effected  by  a  governor  as  is  shown  in 
Fig.  143 ;  (2)  altering  the  distance  apart  of  the  two  blocks  M  and 
JV,  Fig.  150,  which  form  the  cut  off  valve  (shown  as  one  piece  in 
Fig.  293),  that  is,  altering  the  distance  BJS.  If  BE  is  lessened, 
AI'-BE  or  the  radius  OJV,  Fig.  294,  is  increased  and  OMC  is  later. 

When  an  engine  is  to  reverse  it  is  usual  to  work  the  distributiiig 
valve  from  a  link  motion  either  in  full  forward  or  backward  gear,  and 
for  equal  cut  off  in  either  direction,  0 J?  ought  to  have  90^  advance. 

It  is  quite  easy  for  any  student  who  is  fond  of  elementaij 
practical  geometry  to  work  ordinary  exercises  on  this  valve  motion, 
if  he  really  understands  what  I  have  here  given. 

Exercise.  Distributing  value,  half  travel  3  inches,  advance  32^, 
lap  1*32  inches,  inside  lap  0*6  inch ;  show  that  the  crank  makes  the 
following  angles  with  the  dead  point,  at  admission  (—  5°^),  release 
(161°*5)  and  compression  (45°)  and  if  no  cut  off  valve  existed,  at  cut 
off  (121°'3).  The  cut  off  valve  is  worked  by  an  eccentric  with  90' 
advance  and  312  inches  half  travel.  The  distance  A  I,  Fig.  293.  is 
13  inches  and  the  distance  BE  may  be  varied  in  the  following  way: 
show  that  we  get  the  following  as  the  positions  of  the  main  crank  at 
true  cut  off. 


Distance  B  E. 

A  J- BE. 

1 

cut  off. 

1-2 -5 

0-5 

40 

1*2(» 

1() 

.>0'-5 

1 1  •,"» 

!•-) 

«r5 

no 

L»               1 

73^ -5 

i(»r» 

2-.') 

88- 

lO'J.-, 

2  •7,5 

iW 

lui.'i 

2-85 

io:r 

10  or) 

SiK") 

III 

lU 

.3 

1213 

Fraction  of  stroke  beforv 

cut  off,  connecting  nxi 

Infinitely  long. 


115 

18 

•258 

35 

487 

57 

613 

675 

75« 
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be  distribution  and  cut  o£f  valves  may  be  worked  from  two  blocks 
Ferent  positions  in  a  Gooch  link. 

is  unnecessary  to  make  here  a  special  study  of  the  motion  of  a 
worked  from  an  eccentric^  when  the  motions  of  valve    and 
i  are  not  parallel,  as  this  requires  only  a  knowledge  of  elemen- 
iiBctical  geometry. 

ouble  ported  and  trick  and  other  valves  are  easily  seen  to  need 
3cial  study.  There  are  cylinders  with  two  exhaust  and  two 
ports,  each  pair  having  a  slide  valve  worked  by  an  eccentric 
ink  motion,  or  preferably  the  two  steam  ports  have  two  slides,  so 
lach  slide  when  opening  or  closing  its  port  shall  be  moving  at 
j^hest  speed.  These  also  require  no  special  study. 
15.  lEotloii  not  Simple  Harmonic.  The  motion  of  a  valve 
d  by  an  eccentric  is  not  exactly  a  simple  harmonic  motion ;  but 
very  seldom  indeed  that  the  discrepance  is  of  the  slightest 
tance.  If  it  were  not  pedantic  I  would  say  that  we  have 
f  to  replace  the  straight  lines  LL\IP,  &c.,  of  Fig.  265,  by 
res  of  circles. 

hen  the  valve  is  worked  from  a  link  motion  or  radial  valve 
he  discrepance  may  be  so  well  marked  as  to  be  very  beneficial 
rtful.  It  is  interesting  to  know  that  motion  of  a  valve  worked 
J  of  the  gears  is  usually  a  simple  harmonic  motion,  to  which 
is  added  on  another  of  twice  the  frequency,  an  octave  as  the 
ians  call  it.  On  this  subject  I  must  ask  my  readers  to  consult 
K>k  on  the  calculus.  I  have  tried  many  ways  of  representing 
otion,  but  I  am  afraid  that  there  is  none  more  instructive 
ier  than  by  drawing  the  two  sine  curves  as  in  4,  Art.  297. 
lus  if  the  distance  of  the  valve  to  the  right  of  its  mid  stroke 
the  main  crank  makes  the  angle  0  with  its  dead  point  is  y, 

y  —  a^  sin  (0  +  €^)  +  a^  sin  (20  +  e,) 

ises  the  motion.  There  is  usually  also  a  small  constant  term 
I  have  not  included.  In  well-designed  gears  this  term  is 
»lly  0  in  all  positions.  What  is  usually  studied  and  what 
ve  studied  in  Arts,  297-313  is  the  first  part,  where  a^  is  the 
ravel  and  e^  the  angle  of  advance  if  the  motion  were  simple 
nic.  But  there  is  the  octave  term  with  a  small  half  travel  a, 
I  angle  of  advance  €2-  I^  ^^^  radial  valve  gears  studied  by  me 
0"*,  and  flg  can  be  found  by  easy  inspection  of  the  gear  in  any 
>n.  But  in  any  case  we  can  find  «j,  e^,  a.,,  e^  from  skeleton 
ig  measurements.  I  give  somo  examples  of  this  later  on. 
I  suppose  that  we  know  the  results. 
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Draw  circles  with  radii  0£^  =  o^,  OS^  =  a^ ;  make  the  angles 
GOJS^  =  €^  the  angle  of  advance,  and  OOE^  —  e^  Divide  the  first 
circle  at  ^^a^&^^&c,  into  24  equal  parts,  and  £jif  into  24  equal  parts 
and  project  horizontally  and  vertically  to  get  the  sine  curve.  Divide 
E^ajb^c^,  &c.,  into  12  equal  parts,  and  BM  into  24  equal  parts.  Ii 
both  cases  begin  with  0,  and  number  the  points  0,  1,  2,  3,  &c.,  aDC 
projecting  horizontally  and  vertically  get  the  sine  curve.  Now  adc 
the  ordinates  of  A  CPIA^  and  DDD  together  to  get  the  curve,  whew 
ordinate  is  the  true  displacement  y,  distances  from  i?  meaning  angles 
or  positions  of  the  crank.  We  can  now  draw  the  outside  and  inside 
lap  lines  as  in  Fig.  261,  and  get  the  positions  of  the  main  cFani 
when  admission,  cut  off,  release,  and  compression  take  place.  When 
we  use  this  sine  curve  method  of  working,  the  exaot  effect  of  the 
octave  is  at  once  evident.  Thus  let  a  student  having  drawn 
A  CPIA^,  as  in  Fig.  295,  now  draw  DDD  on  a  piece  of  tracing  paper, 


Fia.  21*5. 


and  let  him  notice  the  different  effects  produced  by  sliding  the 
tracing  paper  (in  fact  altering  €g)  on  the  compound  curve,  and  on 
the  cut  off  at  either  end  of  the  stroke.     In  most  radial  valve  gears 

€3  is  nearly^.     Hence  the  octave  comes  as  in  Fig.  296. 

If  we  have  no  octave  as  in  Fig.  261,  or  here  in  the  dotted  cur\'e/. 
Fig.  296,  it  will  be  seen  that  the  crank  is  in  the  same  positions  in  both 
strokes  when  the  valve  is  at  the  same  distance  from  mid  stroke.  The 
existence  of  the  octa^^e  changes  this,  and  this  is  the  reason  why  all 
link  motions  and  radial  valve  gears  tend  to  cut  off  earlier  in  od^ 
stroke  than  the  other.  Terms  in  3^  or  bO  would  have  no  such  effect ; 
the  effect  is  due  to  terms  in  20  and  4^,  but  practically  we  need  onlv 
consider  the  fundamental  term  in  0,  and  the  octave  or  term  in  il- 
This  will  become  clearer  if  we  consider  a  radial  valve  gear,  in  whick 
I  have  found  the  motion  for  a  certain  grade  to  be  given  by 

y  =  3  sin  {0  +  57)  +  0*3  cos  20 
In  Fig.  296  BM  represents  0  from  0  to  27r  the  ordinate  from  BU 
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sine  curve  FF  represents  3  ain  (0  +  $7).    The  sine  curve  GG 
ints  0-3  sin  16.    The  ordinates  of  FF  and  GQ  being  added 


er,  we   have  y   represent<.-d   as   the    ordinate   of    the   cur^i' 

E. 

sdifltances  ££  and  Bl  represent  the  lap  and   the  inside  lap 

dvely,  and  BI>,  BP  are  the  laps  for  the  other  end  of  the 
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cylinder.  In  this  case  I  have  made  BL  =  BJ},  and  Bl  ™  SP.  1 
ing  lines  as  shown,  we  see  the  effect  of  the  octave  in  caasini 
admission  a,  and  cut  off  e  to  occur  earlier,  and  the  release  r  and 
pression  k  later  for  one  side  of  the  piston,  whereas  for  the  othei 
a^  and  c^  are  later,  and  r'  and  A:*  earlier  than  when  there  ia  no  oi 
On  the  same  figure  the  ordinate  of  the  curve  EBB  show 
displacement  of  the  piston  from  the  middle  of  its  stroke  for 


position  cif  the  crank  (connecting-rod  five  cranks  long).  The  dc 
line  DDD,  which  we  shall  not  use,  represents  what  the  pi.itoa 
placement  would  be  if  the  connecting-rod  were  infinitely  long.  T 
di.splacunients  are  aE,cE,rE  &nA  A;£for  the  admission, cut  off,  rel 
and  compression  on  one  side  of  the  piston,  and  a}E,  c^E,  t^E,  A* 
the  other  side  of  the  piston. 

I  have  shown  the  same  results  hy  the  oval  diagram  BMl 
Fig.  2!)7.  The  ordinates  and  abscis9a3  of  the  cur^'e  CK}BC^^ 
present  displacements  of  the  valve  to  the  right  of  its  mid  at 
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od  of  the  piston  from  the  end  of  its  stroke,  and  they  are 
leasured  from  Fig.  296.  The  distance  Aa  or  Cc  is  the  lap, 
od  tB  or  kK  is  the  inside  lap.  The  dashed  letters  are  for  the 
fcher  side  of  the  piston.  The  student  sees  how  we  arrive  at  the 
jrpothetical  diagrams  ACBK  and  A^C^R^K^  for  the  two  ends  of 
be  cylinder.  He  will  do  well,  however,  to  see  what  diagrams 
irawn  here  as  aerk  and  a^c^r^k^)  he  obtains  if  he  uses  the  ellipse 
!Q,  which  represents  the  valve  and  piston  motions  as  simple  har- 
nonic  motions,  and  also  the  diagrams  (drawn  here  as  a^^pK  and 
iVyipij^^  if  he  uses  the  oval  curve  PP,  which  represents  the  valve 
motion  as  simple  harmonic,  but  the  true  motion  of  the  piston.  In 
the  present  case  he  will  see  that  the  octave  in  the  valve  motion 
produces  inequality  of  distribution  on  the  two  sides  of  the  piston  of 
much  the  same  kind  as  that  due  to  the  shortness  of  the  connecting- 
rod,  and  he  will  note  that  we  usually  have  power  to  cause  these 
to  coalesce  or  to  oppose  one  another.  In  the  present  case,  if  both 
motions  are  simple  harmonic,  there  is  symmetry,  see  c  and  c^ ;  but  if 
the  valve  motion  is  simple,  the  shortness  of  the  connecting-rod  makes 
y  earlier  than  7 ;  to  counteract  this  and  get  (7^  later  than  C  the 
octave  in  the  valve  motion  is  verj^  useful.  The  effect  of  angularity 
of  the  connecting-rod  is  sometimes  opposed  by  giving  different 
founts  of  lap  and  of  inside  lap  to  the  two  sides  of  the  valve. 

Exercise.  Show  that  when  we  equalise  the  points  of  cut  oflF 
^nd  of  release  or  compression  by  inequality  of  the  lap  and  inside 
l^p,  we  do  not  equalise  the  other  two  important  events  for  the  two 
-nds  of  the  cylinder ;  or,  that  if  the  leads  are  made  equal,  the  points 
>f  cut  off  are  unequal.  It  is  not  difficult,  however,  to  show  that  a 
Jood  approximation  to  equality  in  both  may  be  produced  if  we  drive 
he  valve  through  a  bell  crank  lever. 

316.  Fourier  Analysii,  I  have  in  Art.  302  shown  how  we 
'ombine  simple  harmonic  motions.  Suppose  that  by  a  skeleton 
{rawing  method  or  by  means  of  a  large  model  we  get  the  displace- 
uent  of  a  slider  for  each  of  many  positions  of  a  crank ;  it  is,  in  my 
pinion,  essential  for  a  scientific  study  of  a  valve  motion,  to  express 
he  displacement  in  terms  of  a  fundamental  simple  periodic  motion 
ad  its  harmonics,  the  octave  being  the  most  important.  I  here 
:ive  an  example  to  illustrate  how  this  may  be  done  in  any  case. 
lie  whole  of  the  work  is  shown  in  the  table,  page  513,  although  the 
xample  is  one  in  which  we  are  looking  for  a  fundamental  term 
nd  its  three  harmonics,  each  with  an  amplitude  and  a  lead  or  lag. 

In  the  table  the  displacement  y,  of  a  valve  from  a  fixed  point,  is 
iven  for  24  different  positions  of  the  crank. 
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To  obtain  the  displacements  of  the  valve  from  its  mean  position, 
find  the  average  of  all  the  24  values  of  y  (in  this  case  I  find  5),  and 
subtract  this  from  each. 

The  resulting  values,  y\  are  given  in  column  A.  Our  aim  is  to 
express  the  valve's  motion  in  terms  of  the  position  of  the  crank  (?  by  a 
Fourier  series.  We  really  never  need  more  than  two  terms,  but  I  shall 
here  consider  four. 

y'  =  a^  sin  {0  +  ei)  +  a^  sin  {20  +  Cg)  +  a,  sin  (3^  +  €3) 

+  a^  sin  {AS  +  €,) 

Let  the  student  imagine  0  and  y'  to  be  plotted  (from  0  =  n 
to  tf  =  360°)  on  squared  paper.  Then  if  one  half  of  the  curve  from 
180°  to  360°,  is  superposed  on  the  other  half  from  0*  to  180°,  the  1st. 
3rd,  5th,  &c.,  components  in  the  above  expansion  will  be  eliminated 
[this  is  easy  to  see  if  these  components  be  drawn  separately],  and 
the  resulting  curve  will  be  : — 

y'  =  2[a^  sin  {20  +  e,)  +  a^  sin  {\0  +  tj] 

Similarly,  if  the  original  curve  be  divided  into  three  equal  por- 
tions by  lines  perpendicular  to  the  axis  of  0,  and  the  three  parts 
superposed  on  each  other,  the  2nd,  4th,  6th,  &c.,  components  will  be 
eliminated,  and  the  i*esulting  curve  will  be : — 

y'  =  3a3  sin  (3^  +  e,). 

It  is  an  easy  exercise  for  the  student  to  prove  this  either  graphi- 
cally or  analytically.  If  he  has  difficulty  let  him  consult  Mr.  Wed- 
more  s  paper  in  the  Proceedings  of  the  Institution  of  Electrical 
Elngineers,  1896,  or  General  Sir  R.  Strachey*s  paper  in  the  Proceedings 
of  the  Royal  Society,  May,  1886. 

The  table  shows  how  the  above  method  is  employed  without 
actually  drawing  the  curves.  For  instance,  columns  A,  /,  and  J  are 
the  three  equal  parts  superposed,  and  when  added  give  column  K 
which  is  three  times  component  3.    In  this  case  zero. 

An  examination  of  the  table  easily  shows  how  it  is  all  produced. 

Component  1.  Imagine  column  iV  to  be  continued  to  the  top  of 
the  table ;  ordinate  0  will  be  +  2*520 ;  average  of  ordinates,  from 
ordinate  0  to  11  inclusive,  treating  all  as  positive,  is  22*900  -r  12  = 
1*908.     We  use  this  method  of  finding  a^  because  of  the  rule ; — 

Maximum  ordinate   a^  =  1*908  X  ,y  =  2*997,  say  3. 

To  get  e,,  sin  «,   _  2-5161  _ 

sin  90'  ~  2-997  ~  ^'^^^ 

.-.  »,  =  sin-'  -8395  =  57'9',  say  57'. 
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OompimefiU  2.  By  inspection  of  column  H,  the  maximum  oi 

Oj  =  -50  and  cj  =  90*. 

Ccmpcneni  3.  Zero.    See  Column  K. 
ComponmU  4.  Average    of  ordinates    from    0    to    2    in 
:  1726  ^  3  =  -0675. 

IT 

Maximum  ordinate  a^  =  •0575  x  -9-=  *09l. 

By  inspection  c^  =  0. 

Hence      y  =  5  +  3  sin  (tf  +  67^)  +  '5  cos  20  +  '09  sin  4^ 
the  required  expression. 


1 

V 

A 

Nu.uf 
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1 
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8-02 
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6 
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Now  in  a  valve  motion  we  have  no  elaborate  work  like  this.  For 
example,  with  the  numbers  measured  from  a  skeleton  drawing :  Sub- 
tracting the  average,  superposing  and  dividing  by  two  we  get  at 
once  the  results  given. 

317.  Exercise.  Make  a  skeleton  drawing  of  a  Hackworth  (or 
Angstrom)  gear  (straight  slot)  as  in  Fig.  298.  OA  »  3  inches; 
eccentric  rod  AB  \%  inches ;  -BC  =  7|  inches,  and  show  that,  for  the 
following  values  of  a  (when  a  is  negative  the  rotation  is  against  the 
hands  of  a  watch)  we  have  the  following  results  obtained  by  my 
students  for  the  vertical  motion  of  C  I  may  say  that  the  octave 
advance  is  difficult  to  find  exactly  when  the  octave  is  small ;  errors 
of  15  or  20°  are  easy  to  make. 


FVKDAMENTAL  MOTIOK. 


Half  travel. 


Advance. 


Octave. 


UsDAL  RcLS  or  Art.  313. 


Half  travel.     Advance.   iHalf  travel.      Advance. 


Full 

forward 

1-51 

69' 

25** 

Full 

back- 
ward 

1-51 

sr 

-25" 

•04 


90' 


-04 


90" 


1-47 


56' 


Following  the  rule  of  Art.  323  it  is  easy  to  see  that  we  ought  to 
get  the  following  results.     An  octave  with  a  +  amplitude  is  one  like 


Fm.  iw. 


what  is  shown  in  Fig.  296,  which  would  produce  earlier  cut  off  on  the 
side  of  the  piston  remote  from  the  crank.  In  every  case  the  ampli- 
tude of  the  octave  is,  roughly 

AC  r2 


AB  4/ 


tan  a  or  0  071  tan  a 


It  is  evident  that  this  is  practically  negligable.  If  a  is  25^  tan  fl 
=  *4G63  and  the  amplitude  of  the  octave  is  ±  -033  inches.  It  *ill 
be  noticed  that  my  students  get  ±  04,  but  it  is  so  small  th»^ 
discrepance  was  certain  to  occur. 
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318.  Exercise.  Hackworth  (or  Marshall  or  Eremme)  with 
slot  of  radios  I3|  inches,  its  centre  being  at  the  end  N  of  an  arm  of 
13^  inches  long,  the  other  end  of  which  is  fixed  at  B'y  Fig.  124. 
The  other  dimensions  as  in  the  first  case  with  straight  slot.  Obtain 
the  following  information  from  a  skeleton  drawing,  a  is  the  angle 
which  the  arm  NB'  carrying  the  centre  N  makes  with  the  vertical  in 
Fig.  124. 


1 

FUNDAMSMTAL  TeRX. 

OtrTAVE. 

A 

Half  travel. 

Advance. 

Half  travel. 

i 

Advance. 

FuU 

forward 

25** 

1-54 

57** 

•15 

1 

90'' 

1 

Full 

backward 

-25'* 

153 

59' 

•11 

90' 

Following  the  rule  of  Art.  323  we  find  the  nearly  negligable  octave 

AC 
to  be  0"  071  tan  a,  as  in  the  last  case,  together  with  +  -|  r,  l  sec^a  [of 

Art.  322  or  altogether 

i  sec^a  +  0071  tan  a 

If  a  is  25*,  the  amplitude  of  the  octave  in  full  forward  gear  is 

•128  +  -033  or  IGl  inches. 

Whereas  in  full  backward  gear  it  is 

•128-  033  or  095 

Here  again  the  discrepances  from  actual  results  are  riegligable. 

Exercise.  The  student  will  do  well  to  take  a  =  ±  25    in  full 
forward  and  back  gear,  making  the  curvature  of  the  slot  convex  to 


Ki«.  21H). 


^he  cylinder  and  keeping  to  the  above  dimensions,  but  letting  the 
^Qoentric  be  with  the  crank  instead  of  being  ISO*  ahead   of  it: 


L   L   2 
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working  the  valve  from  a  point  (f  m  AB  produced,  and  finding  y 
downward  displacement  of  the  value  in  full  forward  and  back  { 
for  any  angle  0  passed  through  by  the  crank  from  the  dead  p 
position  nearest  the  cylinder.  Should  he  by  mistake  leave 
curvature  of  the  slot  concave  to  the  cylinder  he  will  be  interefltei 
noting  the  very  different  way  in  which  his  octave  occurs. 

310.  Exercise.    Joy  gear,  Fig.  300. 

Crank  OP  8  inches,  connecting  rod  KP  40  inches,  DP  14  inc 


Fio.  800. 


-4^,16  inches,  BC  %  inches,  DE  24  inches,  DA  8  inches.     Radiu 

path  of  ^  12  inches. 

Taking  a  =  25°  as  full  forward  gear,  find  y  the  downward  (I 

300)  displacement  of  G  when  the  crank   makes  0  with  the  d< 

point  nearest  the  cylinder. 

Answers,  Answers  obtained  by  my  students : — 
l.-When^the  curved  slot  is  concave  towards  the  valve 

y  =  2-55  sin  {0  +  36°)  +  -35  cos  20 

2.  When  the  slot  is  straight 

y  =  2-3  sin  {0  +  35°)  -  -15  sin  20 

3.  When  the  curved  slot  is  convex  towards  the  valve 

y  =  2-18  sin  {0  +  36°)  -  035  cos  20 
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The  student  will  note  that  the  curved  slot  must  be  concave 
tomurds  the  valve  to  give  an  earlier  cut  off  in  the  down  stroke. 
The  other  form  aggravates  the  evils  due  to  the  weights  of  moving 
puts  and  angalarity  of  connecting  rod. 

I  will  now  proceed  to  give  some  rules  as  to  the  production  of  the 
octaves  in  valve  motions. 

3110.  Propositions  concerning  the  Creation  of  Octaves. 

L  Prove  that  if  there  are  three  points  A  GB  in  a  straight  line 

keeping  their  distance  apart ;  if  a  and  h  are  the  displacements  of 

A  and  B  resolved  in  any  particular  direction,  the  displacement  of  c 

in  the  same  direction  is 

CB       .CA 

'^""ab-^^ab 

In  my  book  on  Applied  Mechanics,  I  show  that  if  from  a  point  0 
we  draw  OA'  and  OB'  to  represent  in  clinure  and  magnitude  the 
displacements  of  A  and  B ;  join  A''K  and  divide  A'^B'  in  C  in  the 


Bl   c' 


Fin.  301. 


proportions  in  which  the  link  is  divided  in  C;  then  06'**  shows  the 
dinure  and  magnitude  of  Cs  displacement. 

By  projecting  these  displacements  on  a  line  in  any  direction  from 
0,  the  above  proposition  is  proved. 

11.  In  any  standard  position  of  ACB  let  parallel  rectangular  co- 
ordinate axes  be  drawn  through  A,  C  and  B,  and  let  these  i)oints  at 
any  time  be  at  the  distances  x^,  y^ ;  ar,  y ;  x^,  y,  from  their  respective  axes 


— ^r^ 


Fid.  302. 


tlie  proposition  I.  may  be  used  to  find  x  and  y  from  x^,  x^  and  y^  y^ 

III.  If  the  motion  of  -4  is  known  and  if  the  path  of  ^s  motion 
^9  known  we  can  find  the  motions  of  B  and  of  C. 


518 


THE   STEAM   ENGINE 


CHAP. 


Choose  the  initial  position  of -4 -B  as  the  common  axis  of  x^ 
«,  and  let  -4^  =  /.     Let  <f>  be  the  angle  which  the  link  A^ff^  make* 
with  the  standard  position  AB. 

lsm<f)  =  y^-Vi 

I  cos  ^  +  0^1  =  /  +  ajj 
y^  is  a  known  function  of  x^ 


Then 


C-s^)'+  (i + '.=a)'- 1 


and  from  this  y^  and  x^  may  be  found  in  terms  of  y^  and  x^ 

We  shall  in  future  neglect  small  terms. 

IV.  If  A  the  end  of  a  long  rod,  ^^  of  length,  ^^  =  /  has  a 
simple  harmonic  motion,  in  what  I  shall  call  the  vertical  direction 
AOA\ 
Such  that  OA  =  y  =  a  sin  qt, 

where  a  is  small  compared  with  / ;  and  if  B  has  motion  at  right 


VUi.  803 


angles  to  AOA^  in  the  direction  OB,  which  I  shall  call  horizontal 
what  is  L's  motion  ^ 

OB  =  I  cos<t) 

OA  =  a  sin  qt  =  I  sin  (f> 


cos  (f)  — 


1- 


a^     •   2  / 


0B=1  ^\-  'i;  sh^^gt  =  I  ^  "^  sir^qt 


n 

a- 


sinc(;  ..,  i>in^qt  is  supposed  to  be  always  small ;  now 

sin-  <?^  =  A  —  i  cos2qt 

2  2 

80  that  05  =  /  —  j^  +  77  cos  25< 
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2 

rhich  is  a  S.  H.  motion  of  amplitude  j-n  ^^^  middle  point  being  at  a 

listance  from  0  equal  to  /  —  ^,, 

.  4fl 

A  very  little  thought  will  show  that  however  the  S.  H.  motion  of  A 
oay  be  stated  (that  is,  from  whatever  instant  we  may  count  time) 
?  is  at  the  ends  of  its  stroke  when  A  is  at  either  end  or  the  middle 
•f  its  stroke. 

If  we  take  OA  =  a  sin  (qt  +  e)  it  is  easy  to  see  that 


rt2   .  a* 


Hence  if  c  =  90**  so  that  if  0^  =  a  cos  qt 


a^       a^ 


Xotice  that  if  the  motion  of-^  has  a  small  harmonic,  the  effect  of 
this  is  a  very  greatly  reduced  octave  of  it  in  B's  motion,  and  it  may 
usually  be  neglected. 

If  motion  of  JB  to  the  right  of  its  mid  position  be  called  positive 
^hen  is  the  positive  displacement  of  B  greatest  ?  Answer.  When  A 
^  at  its  mid  stroke  ;  half  way  up  or  half  way  down. 

If  0  is  not  the  middle  point  in  A'a  motion,  it  will  be  found  that 
8*8  motion  has  the  frequency  of  A  with  an  <x;tave. 

V.  In  the  case  of  IV. ;  every  point  in  AB  has  a  vertical  simple 
iannonic  motion  sj-nchronous  with  ^'s  motion  ancl  proportional  to 
ts  distance  from  B. 

VL  Any  kind  of  periodic  motion  of  the  same  j>eriod  as  A'h  may 
>e  given  to  J5  by  letting  the  path  of  -^  be  a  curved  j*ath. 

VII.  Whatever  be  the  actual  j>ath  of  A,  if  it  has  a  symm^'trif-al 
imple  harmonic  vertical  motion,  so  that  y  =  «  sin  qt:  the  vertical 
notion  of  any  point  in  AB  follows  the*  rule  V. 

^^IL  If  A  has  a  small  horiz^^ntal  [M-ri^jcJic  motion.  x^^^/H),  li'> 
iiotion  is  what  it  was  before  :  but  in  addition  it  has  th^;  hori/»ntal 
notion  of  -4,  or  Bs  displacement  is 

OB  =  1-  2  +  J  ^^^^'  -^-^^^ 

IX.  If  A  deacribes  a  circular  path  of  radiuK  r  with  uniform 
peed.  Let  the  angle  that  OA  inakeM  with  the  upward  drawn 
erticml  fiom  O  at  any  instant  be  called  0. 


520  THE   STEAM    ENGINE  chaf. 

or  counting  time  from  when  0  is  0 

Xj  =  r  sin  qt,  y^  =  r  cos  qL 

Therefore  05  =  /  —  j%  +  r  sin  j^  —  j-^  cos  2qt. 

Of  course  OB  expresses  the  motion  of  a  piston  if  the  connecting 
rod  is  of  length  I  and  the  crank  is  r. 

X.  If  A  describes  a  path  such  that 

ajj  =  a^  sin  5/ + m  sin  (23^ + e^) 

y^  =  6j  cos  qt+n  sin  {2qt  +  €^ 

52  It 

OB=l^  ^+  a8inqt+msin(2qt  +  €^)  —  2JCO825/. 

XI.  If  in  X.  instead  of  J^s  path  being  straight  and  horizontal  it 
is    still  straight,  but  makes  an  angle  a  with  the  horizontal;  its 

mid  point  being  as  before  in  the 
horizontal  from  0.  Neglecting  small 
terms,  the  horizontal  motion  of  £  is 
the  same  as  before,  and  if  x^  is  its 
horizontal  distance  from  the  mid  point 
and  ^2  i^  vertical  distiince, 

Thus  the   octave   in  y^   does  not 
Fio.  804.  play  any  part  in  B's  motion,  a  most 

important  fact  to  remember. 

XII.  If  A  has  a  vertical  displacement  from  Ao  equal  toy  =  a  sinqt 
and  is  centred  about  the  point  0,0  A  being  X  which  is  great  com- 
pared with  a  and  OAo  is  horizontal,  find  x  or  -^2>.Xcos^=x,  Xsin^ 
=  y  =  a  sin^^ 


X 


=  ^yi-  ^sinV  =  >'-  l^+  ^cos29< 


That  is,  the  horizontal  motion  of  A  is  simple  harmonic  of  half  the 
period  or  twice  the  frequency  of  the  vertical  motion. 

Hence,  if  instead  of  i^'s  path  being  horizontal  it  is  in  the  arc  of  a 
circle  whose  average  direction  is  horizontal  as  in  Fig.  305,  it  is 
evident  that  in  moving  from  ^f  to  P,  this  up  and  down  motion  is 
very  nearly  a  simple  harmonic  motion  which  will  be  exactly  reversed 
if  the  dotted  path  is  followed. 

XIII.  If  instead  of  B  moving  in  the  straight  path  of  XL  it  moves 
in  an  arc  of  a  circle.  Fig.  306,  with  the  average  slope  a  and  radios  X 
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be  upward  motion  of  B  is  what  it  was  in  XI.  together  with  what  it 
oald  be  if  the  average  slope  of  the  arc  of  the  circle  were  0  multi- 
lied  by  sec  a.  That  is,  if  the  fundamental  part  of  the  horizontal 
lotion  has  an  amplitude  a,  the  vertical  motion  is  x^  tan  a  +  an 

a* 
itave  of  amplitude  jr-  sec.  a,  if  X  is  great  compared  with  a. 

XIV.  To  illustrate  how  octaves  may  be  created  or  destroyed  by  a 
jversing  lever.  The  ends  of  a  link  A  and  JB,  Fig.  307,  move  in  the 
^raight  lines  CB,  CA ;  if  ^  has  a  simple  harmonic  motion  along  £C 
hat  is  A's  motion  ?  The  easiest  way  of  putting  this  is : — If  AC  he 
ailed  horizontal,  B  has  a  simple  harmonic  motion  of  amplitude  6, 
ay,  which  is  of  amplitude  b  cos  a  horizontally  (and  this  motion  A 


Fio.  805.  Fio.  800. 


^  also)  together  with  one  of  amplitude  b  sin  a  vertically.     Now 

iuch  a  vertical  motion  (see  Proposition  IV.)  of  B  produces  an  octave 

6   sin   CL 
nA  whose  amplitude  is    aTaij     together  with  a  fundamental  which 

shall  here  neglect.  We  see  therefore  that  a  simple  harmonic  motion 
I  either  A  or  B  produces  a  simple  harmonic  motion  in  the  other, 
>gether  with  an  octave  whose  amount  depends  upon  the  angle  a.  If 
le  path  of  -4  or  of  -5  is  a  short  arc  of  a  circle  we  have  practically  the 
ime  effect.  So  that  either  A  or  B  may  be  the  end  of  a  bell  crank 
ver. 

321.  It  is  of  no  use  paying  particular  attention  here  to  the  actual 
gns  of  the  terms.  No  student  can  remember  them,  but  it  is  evident 
lat  in  all  vertical  and  horizontal  motions  of  the  guided  pins  in  links 
hose  average  directions  are  parallel  to  or  at  right  angles  to  the  line 

centres,   being  driven  by  a  uniformly   rotating  crank,  we   have 

ndamentals  of  the  same  period  which  are  in  -h  or  —  synchronism  or 

■e  J  period  apart,  that  is,  they  can  be  expressed  all  as  +  sin  qt  or  +  cos 

with  amplitudes  quite  easy  to  find,  together  with  octaves  which 

Ach  their  positive  or  negative  maxima  when  qt  or  0  is  o,  that  is 
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when  the  driving  crank  is  in  the  direction  of  the  line  of  centres. 
Any  point  intermediate  therefore  between  two  guided  pins  has  a 
vertical  or  horizontal  motion  intermediate  between  ±  sin  qt  and  +  cos 
qt.  Say  a  sin  (qt  -h  e^)  together  with  an  octave  ±  a^  cos  2  qL  If 
this  is  the  motion  of  a  slide  valve  we  see  from  Fig.  296  the  nature  of 
the  distribution  of  steam  caused  by  it ;  we  see  that  the  gear  may  be 
arranged  to  admit  steam  longer  at  one  end  of  the  stroke  than  at  the 
other,  that  we  may  cause  it  not  merely  to  counteract  the  eflfect  of  the 
angularity  of  the  connecting  rod,  but  to  more  than  counteract  it 
We  saw  that  a  single  eccentric  on  a  modern  vertical  engine  where  the 
cylinder  is  above  the  crank,  gives  more  admission  in  the  down  stroke 
because  of  the  angularity  of  the  connecting  rod,  whereas  we  want  just 
the  opposite  effect  on  account  of  the  downward  acting  weights  of 
moving  parts.  This  may  be  counteracted  to  some  extent  by  giving 
more  lap  on  the  upper  side  of  the  valve,  but  it  may  also  be  done  by 
getting  a  proper  octave  in  the  valve  gear. 

I  have  here  given  the  general  principles  which  guide  us  in  the 
study  of  any  such  gear.  Unless  as  part  of  one's  routine  drawing  office 
work  it  is  hardly  necessary  to  apply  these  principles  to  the  detailtHl 
study  of  any  particular  gear.  I  am  inclined  to  think  that  instead  of 
solving  puzzles  in  this  way,  it  is  better  to  make  a  skeleton  drawing,  to 
measure  the  displacement  of  the  valve  for  equal  angles  passed  through 
by  the  crank ;  calculate  the  fundamental  and  octave  by  the  nile  of 
Art.  316,  now  alter  the  gear  and  repeat,  thus  seeing  how  the  altera- 
tion affects  the  octjive. 

Although  I  dislike  the  study  as  a  misuse  of  one's  faculties,  I  will 
indicate  here  how  some  such  gears  may  be  taken  up. 

322.  Radial  Valve  Gear.  The  Octave.  If  the  above  prin- 
ciples are  reineinbered  it  >vill  be  found  that  an  easy  (although 
possibly  a  slightly  tedious)  inspection  of  a  radial  valve  gear  gives 
the  octave.  In  the  Hackworth,  Fig.  299,  with  curved  slot  at  B, 
or  its  equivalent  with  the  swinging  link  or  in  the  Joy  gear,  the 
vertical  inoti(>n  of  C  is  practically  that  of  the  valve,  and  in  so  far  as  the 

\C 
octave  part  is  concerned  it  is  the  fraction     .  „  of  the  vertical  octave 
'  AB 

in  B. 

The  crank  being  at  OK  and  piston  in  highest  position  the  eccentric 

isat  (>-'/,  let  us  say,  and  the  valve  would  be  in  the  condition  which  wt' 

studied  in  Art.  .SI 2  (neglecting  the  octave  which  the  straight  slot 

would  also  have),  only  for  BB^  which  is  evidently  the  amplitude  of  the 

octave  ;  this  then  gives  us  at  once  Fig.  296,  and  when  the  engine  is 

reversed  we  have  the  same  effect.     Whereas,  if  the  slot  had  been 
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rurved  with  the  concavity  downwards,  the  other  way,  we  should  have 
liad  just  the  opposite  effect,  the  octave  being  negative  in  the  top 
position  of  the  piston. 

The  octave  is  a  maximum  at  a  dead  point.  It  is  easy  to  see  in  the 
lame  way  that  if  ^7  is  in  -4-5  produced,  as  it  is  in  the  Joy  gear  and  in 
varieties  of  the  Hackworth  (called  often  Marshall  or  Bremme)  gear, 
when  the  eccentric  is  with  the  crank  and  not  180'' ahead  of  the  crank, 
we  have  just  the  opposite  rule  as  to  curvature.  A  slot  convex 
k)wards  the  cylinder  gives  an  octave  like  that  of  Fig.  296,  giving 
earlier  admission  and  cut  off  on  the  side  of  the  piston  remote  from 
;he  crank. 

In  all  cases  we  may  take  it  that  roughly  the  octave  produced  by 

AC      7^ 
the  curvature  is  j^  •  j^  sec^  a,  if  r  is  the  eccentric  radius  and  li  is 

the  radius  of  the  slot  or  curved  path  of  B  and  a  is  its  average  in- 
clination to  the  line  OB',  Fig.  299.  This  rule  is  not  very  exact  if  a 
is  much  greater  than  20**  as  new  harmonics  then  come  in,  but  these 
are  easy  enough  to  study.  It  will  be  found  that  this  is  practically 
the  whole  of  the  octave  to  be  studied  in  the  Hackworth  gear.  Of 
course  we  can  create  another  octave  by  using  a  short  rod  connecting 
C  with  the  valve  rod.  Indeed  I  feel  that  I  ought  to  have  said  more 
about  this  rod,  but  the  octave  produced  by  its  shortness  is  easily 

stated  by  Proposition  IV.  to  be  ^    sin  (20  —  90°)  if  X  is  the  length 

of  the  rod.   It  counteracts  the  effect  of  a  slot  concave  to  the  cylinder. 

When  we  know  that  a  slider  in  an  engine  has  a  simple  harmonic 
motion  in  any  direction,  we  settle  on  what  we  shall  call  the  positive 
side  of  the  motion  :  1st,  we  find  a  the  amj)litude  ;  2nd,  we  find  what  is 
the  displacement  when  the  crank  is  at  dead  point  (I  always  take  the 
inner  or  cylinder  side  dead  point).  If  we  call  this  a  sin  a  then 
the  displacement  is 

a  sin  (d  4-  a) 
in  the  positive  direction. 

Instead  of  the  second  measurement  above,  I  sometimes  find  as 
my  second  measurement  the  position  0  of  the  main  crank  when  the 
positive  displacement  first  reaches  its  highest  value.  This  is  often  a 
much  easier  thing  to  do  if  we  have  the  engine  before  us  and  we  can 
turn  it  round ;  if  this  is  0\  then  what  I  have  called  a  above,  is 
90  -^. 

32t3.  Now  let  us  consider  any  gear,  say  the  Hackworth,  Fig.  298, 
with  straight  slot. 

I.  In  vertical  or  horizontal  motion,  A  has  no  octave. 
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II.  Horizontal  motion  of  B ;  positive  distances  are  measured  to 
the  left  of  mid  position. 

1st.  B  has  -4's  horizontal  motion  considered  in  VIL,  Art.  320. 
2nd.  B  has  a  horizontal  motion  due  to  A*^  vertical  motion.    See 

IV.  of  Art.  320.    Its  amplitude  is  j.  where  I  ^  AB,  and  it  reaches 

its  maximum  value  when  A  is  at  the  top  or  bottom. 

III.  Downward  vertical  motion   of  B,    This  is  the  horizontal 

motion  multiplied  by  tan  a.     For  the  octave  part  its  amplitude  is 

r* 

-,  tan  a  and  it  reaches  its  maximum  downwards  when  A  is  either  at 

4/ 

the  top  or  the  bottom. 

IV.  The  downward  fundamental  motion  of  C  we  have  studied  io 

AC     r* 
Art.  312.     The  octave  has  an  amplitude  "j~«-Zj1?^^^  a, and  reaches 

its  maximum  when  A  is  highest  or  lowest,  that  is,  whether  A  is  180" 
from  the  main  crank  or  is  synchronous  with  the  main  crank.  In  the 
one  case  C  is  between  A  and  B,  In  the  other  case  it  is  in  -4 -B  produced, 
but  this  is  of  no  consequence.  In  both  cases  we  evidently  have  the 
octave  coming  as  in  Fig.  296.^ 

324.  Let  us  take  the  Joy  gear  with  straight  slot.  I  assume 
that  students  know  the  Joy  gear,  Fig.  300,  that  the  path  of  D  is  like 
an  ellipse,  the  lower  end  of  which  is  blunter  than  the  top,  and  also 
that  they  have  noted  the  character  of  A'h  path.  The  study  of  i^s 
motion  is  the  best  preparation  for  the  study  of  A*s. 

Jhe  centre  line  of  engine  in  the  figure  is  vertical.  Positive 
vertical  displacement  is  downwards.  Positive  horizontal  displace- 
ment is  to  the  right. 

1st.  Let  £  have  onlv  a  horizontal  motion  and  let  B  move  in  a 
straight  slot.  Wo  seek  for  the  octave  only.  What  is  the  amplitude 
of  C's  vertical  motion,  and  when  is  it  a  maximum  downwards  ?  Or 
when  P  is  at  its  dead  point,  nearest  A',  what  is  Cs  displacement 
downwards  ? 

I.  (1)  />  horizontally  has  no  octave.     Vertically  its  fundamental 

motion    is   that   of    F;   vertically    downwards   D    has   JCs   octave 

DP  jfi 
diminished,  or  an   amplitude    rrn  ~rr*  ^^^  ^^  ^^  ^^    ^^^  maximum 

downwards  when  0  is  90. 

*   Mr.  Harrison,  whose   excellent  paper  {Proc,  Inst.  C.E.,    1S03),  ought  to  be 

referre<l  to,  has  pointetl  out  to  nie  that  the  octave  due  to  the  shortness  of  rod  AB, 

AC      r^ 
Fig.  299,  is  really    7-„  *  ,-^„  tan  a  (cos  26  -  tan  a  .  sin  29), 

A  a    4  A  li 
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IL  (2)  E  has  l^s  horizontal  motion,  with  an  octave  of  amp- 
litude  .  „y^ which  reaches  its  maximum  to  the  right  when  D  is  most 

up  and  down,  that  is  at  P%  dead  points. 

TTT  (1)  A  has  Ifs  horizontal  motion  with  the  addition  of  an 

AD     i? 
octave,  a  fraction  of  IPs,  or  one  with  an  amplitude  ^  .  TWn'     "^^^^ 

gives  to  £  a  vertical  octave  of  amplitude 

AD    IP 

ED  iED  ^^'^  "* 

which  reaches  its  maximum  downwards  at  the  dead  points. 

AE 
IV.  (2)  A  has,  vertically,  a  fraction  -«^  of  D's  whole  vertical 

motion  and  of  course  of  its  octave ;  that  is,  the  vertical  octave  of  A 

AE        DP    H^ 
has  an  amplitude  -j^    .    ^r™    T-f   and  it  is  at  its  maximum  down- 
wards when  0  is   90.     Also  A's   vertical   fundamental   motion  of 
amplitude  -j^  E  produces  a  horizontal  octave  of  By  of  amplitude 

('Mn   ^}   -r  4  -4jB  and  multiplying  this  by  tan  a  we  get  a  vertical 

octave  in  B  which  reaches  its  maximum  when  0  =  90\ 

Now  an  octave  which  is  at  its  maximum  positively  when  ^  =  90 

is  at  its  maximum  negatively  when  ^  =  0. 

Considering  the  vertical  octaves  of  A  and  B  we  see  that  A  has  an 

octave   whose    amplitude   is   -^.    r^f,  jy  and  reaches   this   value 

negatively  when  ^  =  0. 

AD    iP 
B  has  octaves   ^rn  T^n  ^^  ^»  ™^^  when  ^  =  0. 

■a — mW — 7T,  tan  a,  negatively  max  when  ^  =  0. 
4  .  ED^ .  AB  ^  ^ 


Hence  C  has  an  octave  of  amplitude. 


AC^     /AD    ^    _     AE^      ^\  _     CB^    AE     DP    BT' 

AB     \ED     ^ED         ^ED^     AB/   ^^  "*         AB    ED     KP'^L 

which  reaches  this  value  downwards  at  the  dead  points.  Therefore, 
this  gear  will  produce  a  motion  like  what  is  shown  in  Fig.  296.  If 
the  rod  working  the  valve  is  of  length  X  and  if  the  half  travel  of  A 

horizontally  is  r,  there  is  another  octave  jr-  sin  (2^—90®). 

It  is  evident  that  this  sort  of  work  is  more  tedious  to  read  than 
to  work  out  by  oneselC 
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In  either  the  Marshall  or  Joy  gear  we  have  already  seen  the 
effect  of  curving  the  slot. 

What  is  the  effect  of  E  moving  in  an  arc  instead  of  a  straight 

AD 
line  ?     Evidently  E  has  a  vertical  octave  ;  A  has  the  fraction  ^.  of 

this,  and  G  has  the  fraction    .  ^  -f=^  of  it.    We  can  make  it  reach 

AB  ED 

either  a  -h  or  —  maximum  at  the  dead  point  by  having  the  swinging 

link  which  carries  it,  centred  above  or  below  E. 

When  the  point  G  is  not  exactly  in  the  straight  line  connecting 
A  and  B  ov  in  AB  produced  we  get  an  effect  to  which  I  have  not 
referred,  but  which  it  is  quite  easy  to  study  by  skeleton  drawing  and 
the  method  of  Art.  316. 

325.  Octaves  in  Link  Motions.  Probably  tens  of  thousands 
of  skeleton  drawings  have  been  made  showing  the  motion  of  a  valve 
worked  from  linkages,  but  we  have  had  no  systematic  study  of  valve 
motions  leading  to  easy  rules.  I  venture  to  think  that  my  method 
of  studying  the  octave  will  yield  good  results.  Unfortunately  I  have 
never  yet  taken  up  the  subject  thoroughly  ;  every  session  when  I 
have  been  on  the  point  of  obtaining  simple  generalisations  from  my 
students'  work,  other  matters  have  claimed  my  attention.  What  I 
shall  give  here  is  useful,  but  only  in  the  way  of  suggestion. 

My  method  is  this :  first,  study  the  motion  to  find  the  funda- 
mental S.  H.  motion  as  in  Arts.  306-8.  Now  make  a  skeleton 
drawing,  tabulate  the  displacements  for  twenty-four  equidistiint 
positions  of  the  crank  and  find  the  octave  as  in  Art.  316.  Alter  the 
motion  and  see  what  its  effect  is  upon  the  octave,  and  compare  the 
result  with  the  considerations  of  Art.  316.  It  would  not,  indeed,  ad<i 
greatly  to  the  work  to  find  in  each  case  the  terms  in  ^,  2^,  and  3^. 

It  is  true  that  a  j)erson  expert  in  dealing  with  trigononietric;i 
expressions  might  be  able  to  obtain  the  terms  by  making  judicioii: 
approximations ;  unfortunately  the  very  (jualities  that  go  will 
expertness  in  mathematics  are  usually  those  that  prevent  a  man: 
being  able  to  judge  as  to  what  terms  he  may,  or  may  not,  rt»jec 
(luring  the  working  out  of  a  practical  problem.  I  venture  to  offe 
the  following  as  a  suggestive  method  of  dealing  with  links. 

326.  Oooch  Ifink  Motion. — Ojnn  Erceutrir  RcxIm. — AsAtime  that  th«  lin 
('('\  V'm.  .SOS,  is  Ktraiglit  and  that  its  miihlle  point  F  or  (/  has  a  horizonti 
motion  in  O  O',  A  A '  ih  the  Myninietrical  )>OKition  of  the  link  ;  A  B^  A^  B^  are  i 
the  lines  joining  .-1  an<l  A^  with  the  two  eccentric  centres,  when  symmetrici 
each  making  the  angle  $  with  the  line  of  centres  00.     Let  CFO^  be  i^. 

Find  y  or  P  (^  the  horizontal  dinplacenient  of  a  block   which  keeps  at  th 
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'^'ft^iK!^  OQssa  from  00^,    Let  the  eccentncity  of  each  eccentric  be  rand 
length  of  link  il  ilisCC^=2A. 

Approximation  (1).     Assume  that  if  the  displacements  AC  and  A^C^  are 
projected  on  NM  and  IPM"^  we  get  AB=x  and  A^B^=^x^,  which  are  the  simple 


Fin.  808. 


harmonic  displacements  which  would  occur  along  these  lines,  the  eccentric  rods 
being  assnmed  to  be  infinitely  long.  In  fact,  if  a  is  the  a<lvance  of  either 
eccentric  and  9  is  the  angle  which  the  main  crank  makes  with  its  dead  point 
position  remote  from  the  link  in  the  direction  of  motion  of  the  hands  of  a 
watch,  and  neglecting  the  octaves  which  are  very  small 

X  =  r  |sin  (o  +  /3  +  *)  -  sin(o  -h  $)} 

X*  =  r  jsin  (o  +  /3)  -  sin  (a  +  /3  -  *)} 

Notice  that  x^  is  to  the  left  and  r  t^  the  right. 

By  projecting  horizontally  and  vertically,*  or  by  simple  geometry,  making 
CC^the  hypotheneuse  of  a  right  angled  triangle  with  horizontal  and  vertical 
sides,  joining  F  with  the  right  angle  and  projecting  the  horizontal  base  upon 
2PM^  ;  or  in  other  ways  ;  it  is  easy  to  show  that 


^      2a.  cos  H' 


A;co8(i|^-i8)-8in/3l  -X 
cos  3 


so  that  y  =  o  cot  tf^  -  FG, 


'  By  projection  we  get 


A  sin  tfr  =  A  +  X  Bin  3  -  CH  cos  $ 
A  coH\\f=F(r  +  xcos  3  +  C^sin  3 
A  sin  ^  =  X  -  a:  sin  3  +  C^B^  cos  3 
Acos<^=  -/'Y;  +  ar'coH3-^C7*)?*sin3 

Eliminate  CB  and  (7>i3* 
X  cos  (^  -  3)  =  X  sin  3  +  FO  cob  3  +  a? 
xco0(^  +  3)=  -X8in3-/'^co8  3  +  ri 

2x  coaf  cot  3==«+ x' 
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Approximation  (2).  Let  cottIr=  -: — ~  =  — -      ^      =co8rf^l  +  4cotH) 

«n*       ^/l-co•«^ 

because  cos  i|^  is  a  small  quantity  •  then  if  we  let 

and be  called  X  and  X^ 


cos  0  cos  fi 

cos^=l(X  +  Xi)(l  +  4oo«V) 

0083 

Approximation  (3),  -  — —  sin  3(sin  ^  -  1 ) = 4a  Un  3  coa  V 

COB  ft 

and  hence 

y=^(A'  +  Jri)(l  +  icos»^)  +  X-i(X  +  jr»)  +  i\tan/9co8«^ 

Now  on  the  ordinary  rough  theory  of  Art.  306  the  value  of  y  is 

K+a  x-a 

2\  2x 

Hence  if  I  use  y^  to  mean  our  new  y  -  old  roughly  approximate  y  ; 


,..{S«*^-iHxu..}(5±£y 


It  is  to  be  noted  that  a  +  3  is  what  may  be  called  the  true  advance  of  the 
ends  of  the  link.     If  we  let  X  +  X^,  which  is  2rsin  $ — — —  be  called  u  an  I. 

0083 

we  have 

y^=^s8in»a+J^Un3.8in'« 

Now  sin ^$  18  i-i cos 2$,  and  sin '9  is  } sin 9 -  | sin  *$ 

1  m' 
Hence  neglecting  the  constant  term  + 17;  —  tan  0 

3^  =  64  X^  «^"'-  64X»  «^"3a-- ^Un3.co8  2a 

3    CLUr  1     it  flu 

"^  y'  =  64  x»  "in  «  -  iu  X  '""  * -^"^ 2»  -  ^"^^  sin  3» 

Taking  some  usual  numl)er8 

r  =  3  inches,  o  =  30^,  2x  =  15  inches,  ecc.  rods  24  inches. 

7*5 
Sin 3=  o ~>7  =  *278  nearly  so  that  3=  16*-12,  tan $=  -2890 

^2^  CO,  ,.  +  fl)  ^g  cos46'l|  ^^  ^  ,^ 

COS  /3  cos  16*12  '^ 

y»  =  -OOda  sin  9  -  0-0450  cos  20  -  '003a  sin  3«. 

The  terms  in  0  and  36  are  really  of  no  importance  ;  they  are  symmetrical  and 
])ro<luce  the  same  effects  for  the  two  ends  of  the  cylinder  ;  they  are  small.  The 
term  in  20  is  also  small.  What  there  is  of  it  is  just  the  reverse  of  what  issbowii 
in  Fig.  296.  But  the  longer  admission  on  one  side  of  the  cylinder  than  the 
other  is  so  little  marked  that  we  may  almost  take  this  gear  to  be  completely 
represented  by  the  rough  theory  of  Art.  306.  Notice  that  the  octave  OiScoidf 
is  of  the  same  amount  for  all  grades  of  expansion,  and  is  therefore  most  important 
where  the  fundamental  motion  is  small,  that  is,  at  the  high  gradef  of  •zpaaBOO. 
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When  the  octave  is  so  small  as  this,  it  is  comparable  with  the 
nail  octaves  in  x  and  as^  which  we  neglected,  and  whose  amounts  are 
Qown  to  us  from  Art.  304,  or  from  the  considerations  of  Art.  320. 
t  is  quite  easy  to  calculate  the  addition,  but  I  prefer  to  neglect  it, 
D<1  indeed,  the  whole  octave  is  negligable,  as  we  must  not  attempt 
x>  much  accuracy  when  the  quantities  are  so  small.  The  constant 
erm  in  each  case  is  very  nearly  the  same,  and  if  this  were  a  real 
alve  gear  I  should  calculate  from  y^  the  limits  of  motion  of  the 
alve. 

32t7.  Slipping  of  Block.  In  any  link  motion  it  will  be  noticed 
that  suspension  by  a  reversing  link  means,  that  whatever  slipping 
occurs  has  a  frequency  twice  as  great  as  the  fundamental  motion. 
If  the  amplitude  of  the  slip  is  s  it  evidently  means  that  there  is  a 
part  of  the  motion  which  is  nearly 

aTcc^  sill  (2^  +  7)  cos  (a  +  /3)  sin  0, 

*here  a  +  y8  is  the  real  angle  of  advance  in  full  gear,  and  X  is 
the  half  length  of  the  link.  This  is  because  the  effect  is  to  be  con- 
tinually altering  slightly  the  respective  fractions  of  the  end  motions 
*hich  any  intermediate  point  possesses. 

This  is  a  small  term  which  mav  be  written  as 

"         ,.->.. 


2Kc^B  cos  («  +  /8)  Jcos  (0  +  7)  -  cos  (}i0  +  7) 


As  it  involves  0  and  3^  and  not  2^  or  4^,  it  is  a  svmnictrical 
term  which  has  no  practical  effect  on  the  valve  motion,  slipping  is 
only  objectionable  on  account  of  the  wear  and  tear  that  it  produces?. 
We  see  that  it  must  greatly  simplify  our  study  of  link  motions  if  we 
can  leave  out  of  account  all  effects  due  to  slip|:)ing  of  the  block ; 
specifying  the  motion  of  the  valve  as  being  practically  the  same  as 
the  horizontal  motion  of  a  point  in  the  link,  which  is  the  average 
position  of  the  block. 

3ft8.  From  conHidenitionH  of  the  alM>vc  kind  it  is  easy  to  show  that  the. octave 
i«  of  no  practical  im|Mirtanc<*  in  any  of  the  nix  kinds  of  link  motion,  if  the  mi^hlle 
of  the  link  has  truly  a  horizontal  motion,  and  if  the  projwrtionM  are  what  they 
usuaUy  are  in  hMMunotive^.  It  is  only  when  the  ec(*entri<*M  have  as  great  throws 
ami  lengtliH  i>f  link  and  siiort  hmIh  as  1  have  only  H<*ldoni  setMi  them  even  in 
marine  engines,  that  the  iM'tavi*  is  of  praetiral  ini)K)rtance  if  the  middle  of  the 
link  ia  guide<l  to  move  nearly  in  a  straight  line.  When  imleed  the  {Nitlis  of  the 
pointa  appniaeh  some  of  the  shai>eM  shou-n  in  Kig.  2S'.  we  always  liave  im|)ortant 
octave*.  I  shouM  say,  hf>wever,  that  tlie  Inwt  way  of  ohtaining  an  octave 
•ufficiently  large  to  l>e  really  ut<eful  w<iuld  Ikj  to  have  short  ectrentric  nnU  with 
large  thniws  and  a  long  link.  It  Heemn  alao  that  the  conHlruetion  for  finding 
the  octave  for  any  poaition  of  the  gear  in  any  link  motion  is  almoat  exactly  the 
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Aanie  aa  that  used  in  finding  the  fiiDdamental  (Art.  907,  ftnd  1  fpn  (acb  t 
graphical  rule  in  the  note)'  if  it  were  not  for  the  ooniidermtiona  of  Art  30S, 
which  show  that  Ihe  method  of  suapeniion  deitroy a  the  uaefnlneM  of  taj  fod 

SS0.  The  following  results  obtained  by  my  aladenta  will  ikow  how  im- 
portant the  usually  neglected  tenni  become  when  eccentric  roda  we  abotl  b 
every  case  the  forward  and  bock  eocentrioi  have  throws  of  3  inches,  V 
advance,  lengths  of  rods  12  inches,  slot  10  inches  long,  radius  of  slot  12  inclica 

The  horizontal  dispUcement  y  ol  the  block  is  meoanred  from  an  arbitnrj' 

S  =  A  +  a  Bin  («  +  b)  +  ft  sin  (2«  +  ^)  +  c  tin  [3$  +  y)  +  dno{U  +  I). 
The  values  of  the  conatAnts  are  not  given  In  the  following  table,  wbea  Ibe^ 
are  very  small.     The  anglea  a,  3,  >,  t  are  given  in  degraea. 


E  Centre    moving  hi 
g  I    lonUUy 

ICentresuapendedfr 
link  6^  in.  long 


„ !{  full  gear 

""Halt      „ 

I  Mid       „ 


Graphical   rule,    Art.f,[^{*8^ 
Uid       ", 

In   every  P^iition  ofy^,, 
the  gear  the  "centre  jij." 


|3-22  J57 
2-93  66 
!2  73  '90 

i3-(l9 
2'86   A6 
2-72391) 

3-09 
2-90  \Ti 
2-74  '80 


■065 


Centre  of  link   hung  Full  forn-anl   .!      ■125 
fn.in     a     revrrMingHalf        .,  -  1)86 

link  11"  iQiig.  LtBeRMidtiear  .  - '14H 
RupgHirtud  fruiii  uii  Half  bHckwanl  -IK).') 
8  "arm  Full        ,,  1129 


3-00  126 
2-83  58 
2-72  90 

317s!21 
286   54 

'1888 


i«7S3-03  SO 
■Hirifi2M2  3d 
link  iri"  loiiK,  it^4elf.Mill  genr  ,  ,  -  1KII  2'Hll,'i91 
Hii><|H.'iid<Hl  frtmi  All  Half  Imckwurd  -  lJ7T.'>2'l).'i  53 
am.  H'UiTig  Kult         ,,  '4»il  iJt.W    17 

,  .     ,        ,       ,  ,    Full  guar      .    .       —      31K)   30 

"I""™'    '^""■'    '*'"'■  Hiilf     ,.       .    .        -       2'43  HJ 

Mi,l      ,.       .    .       --       2-225911 


423  ,  -  14(  'U155 


'  <lrit]>hii:(il  rule  fur  t  lie  octave,  BHSuining  that  A  and  /(  move  in  palhM  psnllrl 
til  EO  F.  ihc  line  of  ri-ntif-  of  an  engine.  When  the  crank  is  at  dead  piiol  0I>. 
Fig.  .■(IIKi.  Ifttheeeeentrii:*  l.uat  (laond  o /i  working  the  link  ^  £.  Ooo  =  «  =  /'o* 
the  angles  uf  Bitvwuc  We  have  Keen  how  to  tind  the  (undMnental  S.H.M.  o"'- 
Nowlr.  lind  itsiK^tavt.      Draw  WO// perpendicuUr  to  D0.£ 

As  in  Art.  31)3.  make  O  A'  =  C  If  =  length  of  eccentric  rod.    Lrt  J'Of  be<sll«l 
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most  ccmfess  that  what  I  have  put  before  students  on  this 
ct  18  not  its  complete  study,  but  only  suggestive  of  how  it  may 
adied.  Mr.  Harrison  has  now  arranged  for  me  a  large  model 
li  may  quickly  become  either  a  Stephenson,  Qooch,  or  Allan 
tnotion,  which  automatically  draws  either  its  own  oval  diagram, 


curve  showing  y  and  0.  In  a  short  time  we  hope  to  be  in  a 
tion  to  say  with  certainty  exactly  how  the  octave  enters  into  the 
e  motion  with  each  of  these  gears  with  any  method  of  suspension 
he  link,  but  I  am  not  sure  that  skeleton  drawing  may  not  be 
iCr,  and  I  have  shown  how  easy  it  is  to  get  results  by  means  of  it. 

nd  let  BOB  he  called  ^  Make  A'O E=2  (a  +  ^,),  R'OE=  2  («  +  ^).  Let 
.-  06  =  r. 

Make  OA"  =  r»/4^'(7,  OBT  =  r^iirH, 

(rin  A"B'  and  divide  in  C  in  the  proportion  in  which  C  divides  the  link.  Then 
lispUcament  of  C  from  such  a  line  w  GO  H'xntL  very  nearly  constant  tenn,  plus 
fundamental  S.H.  displacement  found  in  Art.  903,  together  with 

OC'  C08  2  (•  +  EOC'). 
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330.  There  are  two  kinds  of  problem  worked  by  students. 

1st.  To  find  the  forces  acting  at  the  cross  head  and  crank  pin  io 
every  position  of  the  engine. 

2nd.  To  find  the  forces  acting  between  the  earth  and  the  frame 
of  the  engine,  and  to  diminish  them  by  balancing. 

The  first  of  these  is  very  important  if  we  consider  the  wear  and 
tear  of  the  engine.  The  changes  in  turning  moment  on  the  crank 
shaft  are  quite  unimportant  except  in  connection  with  torsional 
vibration.^  The  second  has  become  very  important,  becaoM  of 
the  vibrations  set  up  in  the  ground  or  in  a  ship.  In  slow  speed 
engines  neither  of  them  is  of  much  importance. 

The  general  principle  of  balancing  may  be  put  in  this  way 
Only  for  varying  pressures  in  steam  pipes,  a  very  small  matter,  the 
resultant  force  in  any  direction  on  the  frame  work  of  the  engine  due 
to  steam  pressures  is  zero.  The  moment  on  the  crank  shaft  does 
vary,  see  Art.  60  ;  this  may  bo  reduced  by  the  use  of  several  cylinders 
There  is  a  moment  acting,  the  nearly  constant  moment  with  which 
the  machinery  driven  by  the  crank  shaft  resists  motion,  and  this 
is  balanced  by  a  moment  from  the  ground  upon  the  frame.  We 
need  not  now  consider  steady  forces  like  this;  we  are  concerned 
with  forces  due  to  relative  motions  of  parts  of  the  engine. 

Now  consider — if  we  had  no  friction,  and  no  force  of  steam,  and 
no  external  force — the  engine  revolving.  Suppose  its  weight  were 
exa-^tlv  balanced  :  that  it  was  free  to  move  in  anv  direction  what«o- 
ever.  Then  the  frame  will  move  in  such  a  way  that  "  the  centre  of 
gravity  of  the  whole  engine  may  not  have  any  motion."  This  gives 
us  one  of  tht?  best  i)oints  of  view.  For  you  will  notice  that  in 
an  actual  oiii^ine  we  do  not  give  to  the  frame  the  above  freedom, 
and  so  we  ])rev('nt  its  centre  of  gravity  from  keeping  fixed.  If  we 
know  the  in(>tion  of  the  centre  of  gravity,  we  know  from  the  simple 
law  of  motion  what  forces  must  be  exerted  on  the  frame  bv  the 

>  ThiTc  are  critical  Hpecdn  at  which  these  greatly  tend  to  produce  fractnrr. 
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arth.  Now  what  we  aim  at  in  balancing  is  this,  that  as  an  engine 
nores,  its  centre  of  gravity  shall  remain  in  the  same  point  relatively 
0  the  frame  of  the  engine.  There  is  another  condition  also  to  be 
olfilled — the  moment  of  momentum  of  the  engine  about  any  axis 
Qust  remain  constant. 

Another  way  of  putting  it  is  this : — 

If  any  portion  of  mass  m  has  acclerations  x,  y,  z  in  three  direc- 
ions,  regard  mx,  my,  mi  as  foj^es  in  the  three  directions,  the 
"esultant  of  all  such  forces  is  the  force  exerted  on  the  whole  engine 
3y  outside  bodies ;  or  as  the  frame  of  the  engine  is  itself  fixed,  it  is 
the  force  with  which  the  frame  acts  on  the  moving  part.  Or  if  we 
find  the  resultant  for  any  part  or  parts  of  the  engine  this  is  the  force 
with  which  outside  things  act  on  this  part  or  parts. 

For  every  moving  part  wp  have  forces.  A  piston,  piston  rod,  and 
cruss  head  move  together  and  may  be  considered  together  as  giving 
rise  to  or  requiring  forces  in  one  direction,  and  every  sliding  piece 
W  to  be  considered  in  the  same  way.  Rotating  pieces  are  easily 
balanced  by  each  other  or  with  the  help  of  pieces  put  on  for 
balancing  purposes.  Pieces  like  connecting  rods  give  most  trouble, 
because  of  their  curious  angular  motions. 

331.  Balancing  Rotating  Parts.  Any  portion  of  stuff  of 
mass  m,  whose  centre  of  gravity  revolves  at  v  feet  |>er  second  in  a 
^ircle  of  radius  r  feet,  exerts  a  centrifugal  force  wu*^,r  pounds 
adially  ;  and  we  know  that  an  equal  and  opposite  centripetal 
brce  of  this  amount  mu.st  be  acting  upon  th«»  body.  If  the  body 
las  an  angular  velocity  of  a  radians  j)er  second,  the  force  is  marr, 
f  we  apply  this  rule  to  every  small  jwrtion  of  a  rotating  body,  so 
s  to  get  the  hxids  due  to  centrifugal  force,  we  can  afterwanls  cal- 
ulate  the  stresses  jmnlnced.  In  this  way  we  find  the  strengths 
f  rotating  objects  such  as  fly  wheels  and  coupling  riKls.  Also  we 
nd  the  forces  which  must  be  exerted  at  the  bearings  to  balance 
he  centrifugal  forces :  we  have  easy  problems  in  statics  which 
lay  be  worked  gniphieally  or  arithmetically.  If  the  axis  of  rota- 
ion  passes  through  thu  centre  of  gravity  of  the  whole  of  a  bo<ly 
ttached  to  a  shaft  with  two  bearings,  the  pressure  on  one  bearing 
due  to  centrifugal  force)  is  at  i»very  instant  ecjual  and  opi)osite  to 
be  pressure  on  the  othrr,  and  by  placing  masses  in  proper  ])ositions 
tie  pressures  on  both  bearings  may  be  reduced  to  nothing.  Thus, 
>r  example,  if  the  centres  of  gravity  of  two  masses  are  directly 
pposite  to  one  another  on  a  shaft,  they  may  be  made  to  balance. 
Vhen  not  op])osite  they  do  not  balance,  but  two  masses  may  balance 
ne,  which  is  directly  opposed  to  the  resultant  force  of  the  two. 
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Exercise.  Show  that  if  there  are  masses  A  and  By  whose  centres 
of  gravity  are  at  distances  OA  and  OB  irom  the  axis  0  in  a  plane  at 
right  angles  to  the  axis,  they  produce  the  same  effect  as  a  mass  1  at 
OCy  if  OG'  is  the  diagonal  of  the  parallelogram  of  which  OAA^  and 
OBB^  are  the  sides,  where  OA"^  =  AOA,  OB^  =  BOB,  and  that  we 
may  use  a  mass  C  at  G  in  the  line  OCC^  if  COG  =  OC^. 

Exercise.  Show  that  a  mass  ^  +  ^>  in  the  position  of  the  centre 
of  gravity  of  A  and  B  will  produce  the  same  effect. 

Exercise.  Show  that  if  there  are  masses  A,  B,  (7,  Z>,  &c.,  on  a 
wheel,  then  a  mass  A  +  B  +  G  +  D  +,&c.,  in  the  position  of  the 
centre  of  gravity  of  A,  B,  C,  2?,  &c.,  will  produce  the  same  centri- 
fugal force. 

It  is  interesting  to  mount  an  axle  to  which  a  wheel  is  keyed, 
upon  a  not  very  rigid  frame ;  fix  a  small  mass  on  the  wheel  any- 
where, and  rotate  rapidly.  Even  with  small  weights  the  effects  of 
want  of  balance  are  very  evident,  and  it  is  very  easy  by  attaching 
other  weights  to  the  same  wheel  to  show  the  principles  of  balancing. 
It  does  not  at  first  come  home  to  a  student  that  the  effect  of  centri- 
fugal force  in  a  badly  balanced  machine  may  be  very  great,  and  so 
he  ought  to  work  a  few  exercises  like  the  following. 

Exercise.  What  is  the  centrifugal  force  due  to  a  body  of  20  lbs. 
at  3  feet  from  an  axis,  revolving  at  500  revolutions  per  minute  ? 

Answer,  mah*  becomes  wm^  -r  2,937  if  w  is  weight  in  pounds 
and  n  revolutions  per  minute.  Hence  we  have  a  force  of 
20  X  3  X  25  X  10*  i-  2,937  or  5,122  lbs.  acting  in  every  direction 
as  the  mass  whirls  round. 

Exercise.  A  connecting  rod  5  feet   long,   crank    1    foot.      The 

connecting  rod  weighs  400  lbs.,  and  its  centre  of  gravity  is  2J  feet 

from  the  crank  pin ;   we  take  it  that   in  many  inertia   effects,  it 

2J  X  400 

may  be  regarded  as  consisting  of  -  - — ^ or  220  lbs.  situated  at  the 

o 

21  X  400 
crank  pin.  and  — — = or  180  lbs.  situated  at  the  cross  head.     The 

crank  (including  the  non-symmetrical  part  of  the  shaft  near  the 
crank)  weighs  150  lbs.,  and  its  centre  of  gravity  is  4  inches  from  the 

4 

axis ;  this  is  equivalent  in  its  centrifugal  force  to  150  x  va  ^^  ^^  1^- 

existing  on  the  cnink  pin.  Altogether,  then,  we  have  220  -h  50  or 
270  lbs.  on  the  crank  [)in.  What  is  the  centrifugal  force  due  to  this 
when  the  speed  is  250  revolutions  per  minute  ? 

Afi^wer,  270  x  1  x  2502  ^  2,937  =  5,745  lbs. 

332,  When  a  crank  goes  round  uniformly,  if  the  connecting  rod 
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were  infinitely  long,  the  moUon  of  the  sliding  mass  would  be 
ample  harmonic.  In  this  case  the  acceleration  of  the  mass  is  always 
lirected  towards  the  middle  of  its  path ;  it  is  proportional  to  dis- 
Ance  firom  the  middle,  being  greatest  at  the  ends,  and  at  the  ends  it 
s  equal  to  the  centripetal  acceleration  of  the  crank  pin. 

Exercise.  If  the  piston  and  cross  head  weigh  460  lbs.,  and  we 
nclude  the  above  180  lbs. ;  if  the  connecting  rod  were  infinitely  long ; 
rhat  are  the  forces  due  to  the  reciprocating  motion  at  the  end  of  the 
stroke? 

Answer,  Exactly  equal  to  the  centrifugal  force  of  the  same  mass 
it  a  radius  equal  to  that  of  the  crank  pin ;  or  13,620  lbs. 

If  we  speak  of  the  line  of  action  of  the  engine  as  horizontal,  note 
that  the  reciprocating  forces  are  horizontal,  and  cannot  be  exactly 
balanced  except  by  other  reciprocating  forces. 

A  mass  Jf,  with  simple  harmonic  motion  of  amplitude  r,  may  be 
exactly  balanced  just  at  the  ends  of  the  stroke.  To  do  this  we 
regard  it  as  a  mass  Jf  on  a  crank  pin  r.  But  we  have  merely  con- 
certed a  horizontal  action  into  an  equal  vertical  action ;  all  horizontal 
broes  are  balanced,  but  the  vertical  forces  due  to  the  balance  weight 
ire  unbalanced.  As  the  cross  head  of  an  engine  has  not  a  simple 
larmonic  motion,  we  cannot  balance  even  in  this  way  all  the  hori- 
ontal  forces.  In  a  locomotive  it  is  thought  well  to  balance  all  the 
lorizontal  forces  [a  common  English  rule  is  to  balance  only  two- 
birds  of  the  reciprocating  forces  in  this  way],  and  as  this  can  be 
one  approximately  by  rotating  pieces,  which,  however,  introduce 
ertical  forces  of  their  own,  we  put  up  with  these  as  being  less 
^micious  than  horizontal  forces.  There  can  be  no  doubt  that  when 
his  is  done  so  that  the  horizontal  forces  alone  are  balanced,  there  is 
3S8  of  a  tugging  action,  and  consequently  the  coal  bill  is  considerably 
iminished.  One  great  objection  to  the  method  is  that  the  pressure 
f  the  wheel  on  the  rail  varies  greatly.  For  example,  the  highest 
peed  of  an  English  locomotive  was  attained  in  1885  ;  it  was  85  miles 
>er  hour  [same  highest  in  America  :  greatest  average  speeds  for  over 
00  miles  were — English,  G41 :  American,  64'9].  The  driving 
rheel  was  85  inches  in  diameter.  ExEUCLSE :  Show  that,  disregarding 
lip,  the  highest  speed  was  340  revolutions  per  minute ;  also,  taking 
he  above  balance  wt»ight,  the  lifting  force  on  each  wheel  was 
0,630  lbs.,  or  nearlv  5  tons  even'  revolution.  Now  this  in  itself 
rould  greatly  produce  sli])ping  and  make  it  exasjK»ratingly  difficult 
or  a  driver  to  get  a  greater  speed,  but  the  effect  may  be  enormously 
aagnified  as  the  forced  vibrations  get  to  be  more  in  time  with  the 
lataral  vibrations  of  the  engine.    The  highest  speeds  can  really  only 
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BA  represents  its  velocity  to  such  a  scale  that  GO  represents  «  or 
qB  or  -^  B  feet  per  second ;  BG^  represents  the  acceleration  to 


A       9     f 

such  a  scale  that  Aj^O  represents  v^/B  or  q^B  or  o'^kr  -R  fe^t    per 

second  per  second. 

2.  If  the  connecting  rod  is  of  length  I.     Let  the  slider  be  to  the 
left  hand  of  Ay    Draw  an  arc  HOH  Fig.  309a  with  a  radius  equal  to 


Fuj.  30l»A. 


the  length  of  the  connecting  rod,  its  centre  in  OA^  produced.    Make 
C/=  01  —  GI=20H\   also    take   it   that  there   is   no  correction 
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needed  when  the  crank  is  at  45"^  from  its  dead  point.  That  is,  find 
the  points  C  and  C*  such  that  0(7  or  OC^  =  707  OG.  Now  draw  a 
carve  ICICL  If  the  connecting  rod  is. five  or  more  times  the  crank, 
an  arc  of  a  circle  through  ///  will  do  very  well.  But,  if  the  rod  is 
rfless  length,  the  curve  I  CI C^  I  is  not  an  arc  of  a  circle,  it  is  more 
nearly  that  of  a  parabola.  Anyhow,  it  is  easy  to  draw,  since  we  have 
Sve  points  in  it  and  know  its  symmetrical  shape. 

We  may  take  it  that  for  any  position  B  of  the  crank  pin ;  x  the 
iisplacement  of  the  slider  from  its  mid  position  is  not  represented  by 
SG^,  but  by  BH^ ;  and  if  the  rod  is  not  less  than  three  and  a  half 
times  the  crank,  or  even  if  it  is  a  little  less,  the  acceleration  is  not 
represented  by  BG'^  but  by  BP.  The  construction  for  the  velocity  is 
not  80  simple.  An  approximate  rule  like  this  is  only  of  importance 
during  the  study  of  this  subject,  as  a  useful  way  of  putting  one's 
ideas.    It  is  hardly  needed  for  practical  purposes.     The  rule  for  the 


^placement  is  of  course  correct,  and  is  well  known.  I  have  used 
*  loop  curve  which  takes  the  place  of  the  line  A^OA^  for  velocity 
Measurements,  but  these  are  not  nearly  so  often  required  as  the 
other  two ;  besides,  it  is  not  so  easily  remembered.  The  distance 
^F  represents  the  velocity. 

337.  The  following  algebraic  work  will  enable  a  student  to  look 
't  the  matter  from  another  point  of  view,  and  ought  to  be  used  to 
iest  the  above  rule. 

let  DC  =8  (Fig.  310). 

Projecting  on  the  line  of  centres  and  at  right  angles  to  this  we  get 

8  +  1  cos  (f>  +  r  cos  0  =:  I  +  r) 

/  sin  ^  =  r  sin  0  j    -     -     -     -     \  J 

As  from  the  second  of  these 

r     .  /  "r* 

sin  i>  =  -.  »in  0,  cos  <f>  =  a/  1  — ^  sin  *  ^ 

ibstituting  in  the  first  we  eliminate  <f>  and  get 

s  =  r(l  -co8tf)  +  /|l  ->^1  -^sin«tfl.     .     (2) 


540  THE   STEAM   ENGINE  chap. 

Or  if  a;  is  the  distance  to  the  left  of  the  middle  of  the  stroke,  so 

that  r  —  8  =  X,  and  it  0  =  qt  where  q  is  the  angular   velocity  in 

radians  per  second. 

r  /  fJt—         ) 

X  =  r  cos  qt  —  I  <  I  —  ^  I  —  -^  sin*  qt  r  ,     .     .     (3) 


r« 


If  /  is  not  less  than  5  times  r  we  may  treat -^  sin*  9^  as  so  small 

a  quantity  that  /v/l  —  a  =  1  —  ^  a  .  and 

x  =  r  cos  qt  —  ^,  sin*  qt (4) 

But  2  sin*  ^^  =  1  —  cos  2qty  and  hence 


7-2 


a:  =  r  cos  qt  —  -ri  {\  —  cos  2qt)    ....     (5) 

To  the  student  of  periodic  motions  in  general,  this  form  is  vcn' 
satisfactory.  He  sees  that  the  motion  of  a  slider  worked  from  a 
uniformly  rotating  crank  by  a  connecting  rod  is  a  simple  harmonic 

O  2ir 

motion   of   frequency  /  =  ^  or  of  periodic  time  r  =  — ,  together 

with  an  octave,  as  a  musician  might  call  it,  a  harmonic  of  twice  the 
frequency  and  of  smaller  amplitude.  The  velocity  v  and  accelera- 
tion a  are  then 

V  =  -^-    =  -  qr  J  sin  qt  -f  -^  sin  2qt  r    •     •     •     (^) 

«  =  -^^  =  ^ifi  =  -  r^'\  ^^>«  9^  +  7  <^08  29/  -  •    •    <0 

Thus  if  /  =  5/,  we  see  that  in  the  displacement  x,  the  octave  has 
an  amplitude  only  one- twentieth  of  the  fundamental :  in  the  velointy 
the  octiive  term  is  one- tenth  of  the  fundamental.  \VheR»as  in 
the  acc(*leration  the  octave  term  is  as  much  as  one-fifth  of  the 
fundamental.  In  fact,  any  departure  from  simple  harmonic 
motion  is  very  greatly  accentuated  in  the  acceleration ;  a  matter 
of  some  importance  to  us  in  these  days  of  high  speeds  of  reciprocating 
machinerv. 

338.     Exercise  for  a  Class  of  Students, 
Draw  Fi>;..'i09.    When  the  iiuiin  crank  makeH  the  angle  B  with  its  dea<l  point 

X  -^  r  [cor  «-')(!-  cos  26)}  =  H  II,  Fig.  311. 

ilw  r 

^r-  -  mfsin  «+   ^,  fAi\  2B)=  -  B  V 
ilt  ,'  2/ 


d'x  r 

-  a  =  -  rq^(i^of^  9-k-  J  C08  2  6)  =  -  ^  f. 


L«'t  r-\,  q  -.\ 


vax 
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I.  Let  /s5r.  Let  a  student  calculate  for  various  values  of  9,  B  H,  BIf  and 
BV,  or  rather  let  him  plot  the  distances  JIO\  I0\  and  B  V.  Take  6=0,  10*. 
2Xf,  Ac,  right  round  to  300. 

n.  Let  /=4r  and  repeat. 

III.  Let  l—dr  and  repeat. 

IV.  Let  /=6r  and  repeat. 
V.  Let  /=  lOr  and  repeat. 

In  each  case  let  him  test  with  what  accuracy  the  curve  of  Art.  336  represents 
his  resolta,  and  to  what  extent  he  may  depend  upon  correctness  when  an  arc  of 
a  circle  ia  used.  Fig.  300a  shows  the  result  obtained  by  one  of  my  students  when 
//r=4. 

It  is  an  excellent  exercise  for  students  to  make  a  diagram,  Fig.  312, 
in  which  the  distances  BH^  are  abscissse  and  the  distances  BP  are 
ordinates,  taking  them  from  such  a 
diagram  as  Fig.  309a.  Or  they  may 
proceed  as  follows : — 

330.  Accurate  Practical  Rule. 
—It  will  be  found  by  the  formula 
of  Article  340  that  the  accelerations 
at  the  two  ends  of  the  stroke  are, 
accurately, 

being  greater  at  the  end  remote  from 

the  crank ;  v    is  the   velocity  of  the 

cmnk   pin ;  r  the   length  of  the    crank    and   I  the  length    of  the 

connecting  rod.     Also,  when  0  is  90''  (Fig.  310)  the  piston  is  the 

distance  /  —  s/p—r^  to  the  right  of  its  mid-stroke,  and  its  acceleration 

is  then 


Fio.  311. 


r 


^-r  V/-"- 


r'. 


Thus  in  the  case  of  Art.  58,  if  .r  is  distance  to  the  left  of  the  mid- 
stroke;  if  r  =  1-25  feet,  /  =  ()-25  feet,  and  the  crank  makes  120 
revolutions  per  minute,  we  find 


actHsI.  In  fct't 

0 

X 

]K.'r  ncct>ii<l  inT 

.  — . 

; 

M0<1)I1<1. 

0 

1-25 

-237 

90 

-0125 

.^•5 

184  J 

-1-25 

158 

Many  people  merely  recollect  the  accelerations  at  the  ends,  and 
assame  that  the  acceleration  is  0  when  the  crank  and  connecting  rod 
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are  at  right  angles.     This  rule  is  easy  to  remember,  easy  to  apply 
and  is  wonderfully  true  except  for  very  short  connecting  rods. 

Sometimes  the  following  exact  rule  is  employed  to  get  the  inter- 
mediate point  of  no  acceleration,  but  I  am  afraid  that  I  am  mAlnng 
too  much  of  the  matter,  for  in  using  these  results  I  shall  neglect 
friction  and  other  things  of  much  more  importance  than  small  enoTs 
here,  x  is  distance  of  piston  to  the  left  of  mid-stroke  when  there  is 
no  acceleration,  the  crank  being  r  feet  long;  /  is  the  length  of  the 
connecting  rod  in  feet. 


l/r 

2 

3 

4 

5           6 

7 

1 
8     1     9 

10 

x/r 

0153 

0132 

0109 

0-091    0-078 

0-068 

0-060    0-054 

0-050 

To  find  these  numbers  from  the  formula  of  Art.  340  is  an  easv 
mathematical  exercise. 

If  the  connecting  rod  were  infinitely  long  the  acceleration  ia 
any  position   would   be   exactly  proportional  to  distance  from  the 
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middle  of  the  path,  and  would  always  be  towards  the  middle ;  aiid 
the  diagram  of  accelerations  would  be  the  straight  line  ST  (Fig. 
812),    A^S  =  A.,T  representing  197 '5  feet  per  second    per  second. 

If  we  take  the  case  when      =  5  tabulated  above,  and  r  =  1*25  feel, 


r 


the  diagram  of  accelerations  is  the  curve  QP'R. 

A^A.^  rej)re.sents  the  length  of  the  piston  stroke,  A^  being  nearer 
thr  crank.  I  have  made  ^i,(>n^present  —  287, -4^  represents  +  158, 
and  wheri'  OA^  is  01 25  feet  I  have  let  A^P^  represent  39*5  and 
drawn  bv  hand  the  curve  QP^R. 

3 40.  After  equation  (3)  of  Art.  337,  we  adopted  an  approximation 
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of  great  interest  to  students  of  periodic  motions  and  mechanisms  in 
generaL  But  in  the  study  of  a  particular  mechanism,  like  the  crank 
and  connecting  rod,  it  is  sometimes  thought  well  to  do  more  than 
take  a  first  approximation.  For  myself,  I  do  not  think  it  necessary 
to  discuss  small  errors  in  this,  regi^ing  the  many  other  things  that 
we  neglect,  but  for  the  sake  of  the  weaker  brethren  I  give  the 
following  construction : — 

Starting  with  either  (2)  or  (3),  and  differentiating  twice  and  remembering 
as  before  that  9=^,  we  find  the  acceleration 

^^-^eool^^-^    (l-m»sin«a)»^  )     •    •     •    •    <^>' 

when  m  stands  for  r//. 

The  student  had  better  work  out  alflo 

cP^  _      4»'»'      m(  1  -  m')  sin  $ 
d?""  3600     (l~m»^» efi^' 

cPx 
The  value  of  -^-^  ought  to  be  worked  out  for  the  following  values  of  $.     It 

ii  evidently  the  same  for  two  values  of  $  equally  distant  from  0°  or  180**.  So  that 
if  we  know  it  for  «~40%  it  is  the  same  for  6=  -  40  ;  if  we  know  it  for  6=  160%  it 
ii  the  same  for  $ = 200% 

0=0  ,  •cceleration=  -  -^^  (^1  +^  j 

4»*nV 


$  =  ISO**,  acceleration  = 


3600 


(-9 


•=45  .acceleration  =  -  ^^^j^  |l  +  (^  _j  -  1  j        j^- 

ArVr  (         r2I'       \  -'/O     1 
6=  135% acceleration  =r \\-  (  -— -  1  )         (~ i^r- 

9 =90% acceleration  =  ^  .,     (   -„-l  | 

3600  \i^       ) 

Exercise.  Test  the  metho<l  of  conBtruction  described  in  Art.  336.  To  do 
this,  notice  that  the  horizontal  distance  from  the  curve  ///  to  GOG'  represents 
the  term  in  the  above  expressions  which  differs  from  what  there  would  be 
with  an  infinitely  long  connecting  rod.     Let  A  lO,  Fig.  309a,  be  called  1 ,  and  let 

-r^T^  be  called   1  ;  then  it  is  eaav  to  calculate  that  the  horizontal  distances 
36U0 

from  ///  to  GO  G  are  as  follows  : — distance  from  /*  on  the  left  to  G^  on  the 
right  being  taken  as  positive. 


$ 

//r=10 

f/r  =  6 

//r  =  5        ; 

fir  =  4 

//r=3 

0 

-   100 

-167 

-  -21)0 

-•2i>0 

-•333 

46* 

iMN) 

-  i«n 

'      -002 

-  •Ol^ 

-  i>10 

90* 

+   1(N) 

•169 

+  •204 

+  -25H 

+  •353 

,        135' 

•000 

-•001 

-  -002 

-•004 

-•010 

!        180' 

1 

-  -100 

•167 

-•200 

-•250 

-•333 

t 
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If  the  student  will  try,  he  will  see  that  the  easy  mle  of  Art.  336,  is  suffi- 
ciently accurate  for  all  practical  purposes  until  the  connecting  rod  is  less  than 
four  times  the  length  of  the  crank.  Even  when  it  is  so  short  as  only  three 
times  the  crank,  the  error  is  not  great. 

341.  Many  ireometrlcal  conatraetiona  have  been  given.  I  do  not  say 
that  the  following  one  is  better  than  another.  I  am  no  good  judge,  because  I 
never  use  any  of  them  myself.  Indeed,  I  do  not  like  to  s^  a  student  using  any 
of  them,  as  I  consider  the  very  simple  method  of  Art.  338  not  only  accurate 
enough,  but  very  much  better,  because  it  keeps  important  general  prindples 
before  one's  mind. 

^  ^  is  the  connecting  rod,  BO  the  crank,  OA  the  line  of  centres.  Prodooe 
.4  ^  to  meet  in  F  the  perpendicular  OF.     With  J  the  middle  of  the  connecting 
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rod  as  centre,  describe  K BL  meeting  the  circle  KFL  whose  centre  is  B,  >"  ** 
and  L.     Join  K L,  cutting  A  O  in  M  and  A  H  \n  H, 
To  prove  that 

1.  Velocity  of  piston  in  feet  per  second  =  q'FO  if  FO  is  measured  in  f<«^- 

2.  Acceleration  of  piston  in  feet  per  second  per  second  =  q-'MO  \i  MO^^ 
measured  in  feet. 

In  fact  if  BO  represents  the  centripetal  acceleration  of  the  crank  pin,  J"^ 
represents  the  acceleration  of  the  piston  on  the  same  scale. 

3.  Angular  ac<'eleration  of  connecting  rod,  or  —  \^  =  q^'JIM/AB. 

Draw  A  C  perpendicular  to  .10,  ami  let  it  meet  O  B  in  C.  Draw  Cl^ 
panillel  to  A  (),  and  FD  at  right  angles  to  A  BF, 

From  //draw  Iff!  parallel  tr>  OF,  and  join  OF,  Prove  as  a  gcometricil 
exercise  that  (t  F  is  parallel  to  A  O. 

Note  that  the  tigures  FdllMOF  and  A  OF  DC  A  are  similar,  and  0B'\^ 

1,1       .      ^, »        u       u  .X   .OB    OM      OB  CD   f.u. 

the  one  is  similarly  placed  toCB  m  the  other,  so  that  ^^  =  ~^  or    -^g,,  '^* 
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1.  The  rod  AB  has  C  for  its  instantaneous  centre,  for  CA  is  at  right  angles 
to  ^'s  motioa,  and  CBO  is  at  right  angles  to  ^'s  motion,  so  that 

velocity  v  of  ^      CA  .  FO 

^odtyKofi?  =  Cfi  =  *°^  ^*^^  "  evidently  ^^. 

Kow  V=q'OBt  and  hqpce  the  proposition  is  proved. 

2.  Since  v=q'OFf  the  acceleration  is  a=q'-^ — \  or  7  times  the  velocity  of 

the  point  F  away  from  O.  The  velocity  of  F  away  from  O  may  be  studied  in 
thk  way.  /*  is  a  point  in  the  connecting  rod  (produced),  and  C  is  the  instan- 
taneoas  centre.  If  a  is  the  angular  velocity  of  the  rod,  the  velocity  of  F  or 
m-CF  resolved  along  BF  and  OF  will  evidently  give  a'DF  and  aCD,  if  FD  is 
drawn  at  right  angles  to  AF  and  CD  is  parallel  to  ^  O  or  at  right  angles  to  OF 
(in  fact  FCD  is  a  triangle  of  velocities  whose  sides  are  at  right  angles  to  the 
three  velocities). 

V 

Now  a  =  z^9  and  hence  acceleration  a  of  the  piston 

3.  WeseethatJ=^  =  g,or«=-;^.5F. 

da        Q      d 
Hence  ^  =  -~  •  ^{BF).     But  we  have  already  shown  that  the  velocity  of 

/  in  the  direction  BF  is  a'FD. 

„         d»4f      da  FD 

Hence -^, or -j^  =  (?«^^. 

.  ob  fd     ^ob  fd     ,  ob  hm     .„^,^^ 
'^'cb'ab^'^'ab'cb^''  ab'ob=^"^^"^^' 

34a.  Forces   on  tbe    Frame   of  an  Engine. — If  it  were  possible  to 
imagine  the  effect  of  the  mass  of  the  connecting  rod  to  be  the  same  as  that  of  two 
at  its  ends,  it  would  be  easy  to  balance  engines  ;  it  would  also  be  very 
y  to  ntake  all  sorts  of  calculations  which  are  difficult  to  make  in  the  real  case. 
Now  it  is  important  to  know  to  what  extent  the  easy  method  of  working  is 
wrong.     The  student  ought  here  to  read  again  Art.  330. 

If  P  is  the  resultant  force  from  left  to  right  on  the  piston,  Fig.  314  ;  if  the 
distance  of  the  piston  or  cross  head  to  the  right  of  the  end  of  its  stroke  is  «  ; 
if  if  is  the  total  mass  of  the  piston,  and  what  is  rigidly  attached  to  it,  then 

p-yr»-^F 

where  s  is  Newton's  way  of  writing  -,-  , 

is  the  resultant  force  acting  on  the  brasses  of  the  connecting  rod  at  the  cross 
head. 

In  estimating  P  we  may  assume  a  knowledge  of  friction  as  well  as  of  the 
indicator  diagraniK.     Or  what  is  more  usual,  neglect  the  friction  altogether. 

Now  if  we  dare  imagine  that  the  connecting  rod  acts  as  if  its  mass  existed 
as  its  ends  only,  in  portionM  wi,  at  cniss  head  and  m^on  crank  pin,  inversely  pro- 
portional to  the  distances  of  the  centre  of  gravity  from  these  ends  ;  we  can 
readily  ^imagine  the  m,  part  balanced  like  any  other  rotating  mass  by  other 

N   N 
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rotating  masses,  and  the  only  part  needing  balance  is  i}i|.  In  fact,  in  such  a 
case  we  may  say  that,  neglecting  the  forces  of  gravity  : — 

The  turning  moment  on  the  crank  shaft  is  {  P  -  {M  4*  nii) i\  OQ  where  OQ 
is  shown  in  Fig.  315.  ^ 

I  shall  now  speak  of  the  forces  with  which  the  ground  acts  upon  the  frame. 
As  m,  is  supposed  to  be  balanced,  we  see  that : — -, 

1.  There  is  no  total  vertical  force  on  the  frame. 

2.  The  horizontal  force  {M  +  m^)  S  can  only  be  balanced  by  one  or  more 
equal  and  opposite  forces.  Now  imagine  this  balance  effected  by  a  similar 
piston,  cross-head,  &c. ,  exactly  opposite  to  the  first,  as  shown,  for  example,  io 
Fig.  316 ;  or  by  two  such  systems.  Notice  that  for  such  exact  balance  th« 
balancing  systems  cannot  be  on  the  same  side  of  O,  as  i  must  be  the  same. 

3.  If  the  balance  (2)  is  effected,  the  balancing  is  complete ;  there  is  no 
couple  acting  on  the  frame. 

Now  in  the  real  case  the  effect  of  the  motion  of  the  connecting  rod  cannot 
be  imagined  to  be  exactly  the  same  as  that  of  the  two  detached  masses  m^  &n^ 
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mj,  and  tliia  causes — Firsts  an  error  in  the  above  expression  for  the  turning 
moment  on  the  crank  shaft  :  this  error  is  not  large  ;  in  any  case,  fluctuations  in 
the  turning  moment  on  the  crank  shaft  are  insignificant  matters,  except  in 
very  special  cases.  Sfroiul,  an  erroi*  which  is  only  serious  when  we  nee«^ 
very  good  balance  :  namely  this,  that  in  the  real  case,  although  the  alwve 
statements  1  and  2  are  correct,  statement  3  is  wrong.  The  stutlent  muist 
see  clearlv  what  the  anioiitit  of  error  in  statement  3  is.  I  shall  call  it  the 
■nrtrlni:  moment  on  the  frame.  It  is  zero  if  the  connecting  ro«ls  are  properly 
constructed. 

343.  The  Real  Case. — The  figure  (314)  shows  the  connecting  n>l,  C^- 
who.se  centre  of  gravity  is  at  ft';  the  resultant  horizontal  force  /'acts  at  C' 
and  X  is  the  nr)rmal  component  of  the  guiding  force  at  C.     Ixit  us  find  A'  »n<i 

Ftlie  horizontal  and  vertical  forces  which  must  l)e  exerteil  at  B  to  protluce 
e(]uilil>rium. 

I  prefer  always  to  use  Newton's  law  (sometimes  called  three  laws)  of  moti«Hi 

-  a  fundamental  i)rin(iple  which  cannot  be  forgotten  if  once  learnt — whereaj'the 
many  s|M*<ial  rules  which  lead  tocpiick  working  of  exercises  are  readily  forgotten. 
If  the  distance  t>f  (>'  horizontally  to  the  right  of  some  point  is  :,  and  if  i^" 
vertical   distance  above  the  line  of  centres  is  y  ;   the  horizontal  and   vertiw 

'  It  may  be  w»»rth  while  for  the  student  to  write  out  the  exact  mathematical 
expression  for  :« .  ()(^  alone  and  to  take  a  numerical  example.  Let  him  also  work  the 
following  sim)>Ie  exercise  : — Show  that  a  mass  W  lb.  at  the  cross-head  of  a  steam 
engine  prcnluces  a  turning  moment  of  -  Wuh^  sin  2^/5872  pound  feet  if  the  rod  tf 
infinitely  hmg  an<l  rotation  unifonn. 
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aooelermtioii  of  O  may  be  written  2  and  y.     Let  m  be  the  mass  of  the  connecting 
rod,  or  Wig  if  FT  is  its  weight. 

X  =  F-mz (1) 

N+Y=m^-\-W (2) 

Xl9\n^+Ylcm^  =  Iip      .....     (3) 

if  /  is  the  moment  of  inertia  of  the  rod  about  C,  and  ^  is  the  angle  SCO. 

From  (1)  and  (2)  we  see  that  the  horizontal  force  A'  and  the  totcil  vertical 
force  N  ¥  F,  depend  only  on  the  mass  of  the  rod  and  the  position  of  its  centre  of 
grarity,  and  therefore  that  in  so  far  as  these  are  concerned  we  may  replace  the 
rod  with  two  masses,  m^  and  m,  at  its  ends,  if  mj/j  =  mj^. 

From  (3)  and  (1)       r= -^ j-^ '- (4) 

I  cos  o 

If  the  actual  calculations  are  made  it  is  to  be  noted  that 

^^^ji+jqh-coaBy   y= -jrq^ Bin  $ 

I  being  known  from  (3)  of  Art.  340  and  /=/,  +  /,. 

It  is  easy  to  write  out  the  expi*c8sions  for  the  turning  moment  on  the  crank 
shaft  and  the  centripetal  force  at  B, 

Now  ifP  is  the  moment  of  inertia  with  detached  masses,  P  =  mj-.  Whereas 
/=:m(l:' +  /]').      If  ir  is  the  radius  of  gyration  about  G. 

Hence  for  perfect  equivalence,  since  m  =  i7ii  +  m,  and  yn,/)  =mj^^  it  would  be 
necessary  to  have  1:^=/,/^  ^ 

This  cannot  be  effected  unless  the  connectinir  rod  extends  beyond  the 
cross  head,  or  the  crank  pin,  or  in  both  ways,  or  if  the  mass  of  the  rod  be  spread 
oat  laterally,  as  suggeMte<l  by  Mr.  Harrison,  a  uietho<l  of  construction  which 
might  very  well  be  used  if  the  surging  couple  applietl  to  the  frame  work  and 
ground  is  to  be  done  away  with.  [I  find  that  Mr.  Holroyd  Smith  has  also  made 
this  anggestion.  ] 

In  any  case  it  is  only  the  lip  part  of  (4)  which  would  lie  different  urith 
thm  4«taebed  Brasses.  We  know  that  if  we  have  already  obtaineil  balance 
and  calculated  turning  moment  on  the  crank  shaft,  assuming  detacheii 
masses,  we  have  only  now  to  consider  that  part  of  y  which  is  represented  by 
(/-rH>//cos<>,  or 

,  *"*  -  (F  -  //j) 

/  COM  ^  ^^ 

It  is  in  the  surging  moment  that  the  matter  iR  really  important,  because 
there  need  be  no  surging  moment  with  iletached  masses.  The  surging  moment 
about  any  axis  parallel  to  the  crank  shaft  is 

6"  =  ;«{X--V,)^ (5) 

The  extra  value  of   }"  produces  a  turning  moment  on  the  crank  shaft  whose 

amount  is 

-rcosO 

S, — (6) 


«  For  /=(iiH  +  »n,)  U^ +/,')  =  "S^ J^  +  lVi-» +/,»)  =  »4/(^  +  l\ 

Qeaoe  7-  +/,=/=^,+^„  or  X*'= V^ 

•i 


+  /,af  =  ^,+^„  or  A-'=/,^^ 

N   K    2 
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344.  Example.  A  crank  is  r= 1*25  feet  long ;  the  connecting  rod  276  Ibt. 
weight,  /=6'25  feet  long,  /i  =  3i  feet,  /,  =  2H  feet,  so  that  /i/^=  }  ;  it  has  a  radiui 
of  gyration  about  O  such  that  ^^  =  /*-^  5*  =  7  8  and  /j/,=97. 

(5)  Becomes  -  j^^i^'^)^*  or  -  16-28^ 

cos  B 


(6)  Becomes  -  3*26^ 


cos^ 


If  the  speed  is  120  revolutions  per  minute 

4ir'(120)»  id -tV) sine 


*''  3600 


(l-tV  sin  ««)»/« 

As  we  wish  only  to  obtain  a  fairly  correct  notion  of  the  effect  we  shAll 
neglect  the  small  terms  and  write 

i^=  -31 '58  sin  9,  and  cos  ^—1. 

Hence  (5)  becomes  514  sin  $  ;  (6)  becomes  51  *6sin  2$. 

345.  Example.  Let  the  mass  of  the  connecting  rod  of  last  example  be  re- 
placed by  two  detached  masses  at  its  ends  without  alteration  of  its  centre  of 

276 

gravity.     There  will  be  a  mass  of  ^^r^  x  ^'^  or  4*00  moving  with  the  acceleri- 

276 
tion  land  a  mass     _—  x  ^  or  4*56  on  the  crank  pin.     Let  the  centrifugal  force 

of  this  mass  on  the  crank  pin  be  balanced.  The  horizontal  forces  can  only  be 
balanced  by  other  horizontal  reciprocating  masses.  Let  us  study  merely  the 
turning  moment  on  the  crank.  We  must  multiply  the  force  at  the  cross  hevi 
4*00  «  by  O  <?  in  feet.  Fig.  315.    Or  we  may  do  the  work  numerically  as  follows  :- 

^^_       velocity  of  piston     _  rrof(6)Art. 
velocity  of  crank  pin  rq 


also 


0(?  =  1  -25  Isin  6  +  yV  sin  2^}  nearly 
.s  =  -  197  "3  {cos  ^  +  J  cos  26}  nearly 


6 


jl  0^  in  foct  4-00  i(?9 

accclemtion  of    l»roiH.rtional  U)  turning 


cro««  hciui 

0 

-236-8 

45^ 

1.39-5 

9(r 

+   .39-.'> 

135° 

+  139-5 

180' 

+  157-8 

velocity  of 
crosM  hc4Kl 


0 
1  01 


1  -25 

0-76 

0 


moment  on 
crank  Hhaft. 


0 
564 
197 
424 

0 


Extra 

turning 

moment 

61-(^sin2#. 


0 
51*6 

0 
51*6 

0 


Surging 
moment 
614  Bin.  #■ 


0 
363 
514 
363 

0 


The  tigiin's  in  tlie  last  two  columns  show  in  what  way  the  real  case  •iiff'f'' 
from  the  easily  coiiMidtTeil  cone  of  two  detached  masses.  The  extra  turning 
moment  on  the  crank  shaft  is  of  but  little  importance,  but  the  surging  moinen^ 
is  a  most  serious  matter.  To  he  sure  in  such  an  engine  it  is  only  about  1  p^f 
cent,  of  the  ^'reatest  probable  turning  moment  on  crank  shaft;  but  our  8pe<" 
was  compaiatively  small  and  these  effects  increase  as  the  square  of  the  speed. 

346.    Students  may  be  interested  in  the  ff)llowing  interesting  grapkicsl 
constiuction  for  the  finding  of  a  vinirle  force  which  represents  the  reraltsot 
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of  all  the  accelerating  forces  on  a  connecting  rod.  It  is  due  to  Mr.  Harrison  of 
the  Royal  Cc^ege  of  Science.  He  uses  first  any  of  the  well-known  methods  of 
expressing  the  acceleration  of  the  cross  head. 

A  O  line  of  centres  ;  A  B  connecting  rod  ;  BO  crank. 

Produce  ^  ^  to  ^  (0^  is  at  right  angles  to  A  O)  then  q.OQis  velocity  of  A . 

Draw  QS  parallel  to  0 A,  SH  parallel  to  QOy  Ha  at  right  angles  to  ^  ^. 

Join  aB,  Then  OaB  is  a  diagram  of  accelerations  (see  my  "Applied 
Mechanics/*  Art.  476),  that  is,  take  any  point  O  in  the  rod,  draw  Og  parallel  to 
A  O,  then  g  corresponds  to  (7  in  such  a  way  that  gO  represents  in  direction  and 
magnitude  the  acceleration  of  O  to  the  same  scale  to  which  BO  represents  the 
centripetal  acceleration  of  the  crank  pin  ;  that  is,  if  gO  is  measured  in  feet  the 
amount  of  the  acceleration  of  G  is  q^.gO,     If  G  is  the  centre  of  gravity  of  the 


Fio.  8i:.. 


rod  all  the  acceleration  forces  on  the  rigid  rod  are  ec^uivalcnt  to  a  force  through 
0  parallel    to    gO   and    of  the  amount     m.q'.gOy    together    with    a    couple, 

L  =  mk.*q^  -j-p,  where  k  is  the  radius  of  g\Tation  of  the  rod  at>out  G.     These  are 

really  equivalent  to  a  force  mq-.gO  parallel  to  </0  acting,  say,  along  TX^  such  that 

the  perpendicuUr  GT=  y"^— .     It  will  be  found  that  if  we  take  GU=L^/AG 

and  draw  UX  parallel  to  Ba^  meeting  Gg  in  X.     Then  : — 

The  resultant  of  all  the  acceleration  forces  in  the  ro<l  is  mq^,XX,  acting 
along  Xy  in  the  direction  A'  to  X, 

Of  course  if  we  could  make  l^  =  /^f^  so  that  the  total  acceleration  force  passes 
through  Oas  is  the  case  with  detached  masses,  there  would  l)e  l>alance  in  such  a 
case  as  that  of  Fig.  316,  where  two  cross  heads  and  their  cranks  are  exactly  in 
line.  Unless  this  condition  is  fulfilled  (for  example,  as  Mr.  Harrison  suggests, 
hy  prolonging  the  connecting  ro<ls)  there  is  a  surging  couple  acting  on  the  frame 
of  the  engine  and  on  the  ground.* 


*  The  proof  of  the  above  proposition  is  this  : — 

Nowif  if=V2  we  have  already  seen  that  the  connecting  ro«l  nmy  l>e  replaced 
f  the  mass  tHi  at  A  and  the  mass  m^  at  /?,  and  under  thttse  circumstances  the  total 
Militant  force  must  eu't  through  O  and  therefore  must  l>e  like  TgO.  But  F  is  less 
/,/^  and  it  is  evi<lent  that  the  real  T  is  such  tliat  GT  :GT^  =  k^ :  /,/,=  GX  :  Gg. 
we  have  proved  that  the  real  force  passes  through  X  lHK;ause  we  made  GU= 
fl^.  or  OU:  GB^k'^ii.U^OX  :  Gg. 
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b  the  111*88  of  pistcm  and  rod,  cross  head  and  half  (really  the  fraction  IJl)  of 
the  oonnecting  rod ;  q  the  angular  velocity  in  radians  per  second,  and  r  the 
length  of  the  crank.     We  have  no  total  force  at  right  angles  to  the  line  of 


CnMnA  fiin  displacement. 


Inner 
desd 
fioini 

Fios.  317  AND  318. 

centres  except  the  component  of  the  centrifugal  force,  but  we  have  a  surging 
couple  whose  amount  is  very  nearly  h  sin  0. 
Here  6  stands  for 


-  m  (1-3  -  //,) 


36(X) 


(l-Jsin^o) 


S<^ 


and  it  is  only  very  nearly  a  constant,     m  is  mass  of  the  connecting  rotl. 
The  first  force  I  shall  denote  by 


jf  COS0-J-  ycos20j, 


the  second  by  wi,  acting  in  tlie  direction  9,  Mere  centrifugal  force  may  be 
balanced,  and  it  is  possible  to  construct  the  connecting  roil  so  as  to  destroy  the 
surging  couple. 

Two  Link  Kn«;ise  Unbalan»'EI). 
AfajM*4  thr  name  in  ftofh  Lintt. 

What  forces  acting  at  a  point  on  the  axis  of  the  shaft  mid  way  will  balance 
the  inertia  forces,  distance  apart  'ia  ? 
I.  Cranks  at  right  angles. 

1.  Resultant-  force  in  line 

=  -iM,(  COS0+  ~cos2a  )  +  m,(sina+  '-cos2a  J  -  wi,  »J2An  (0  +  45*) 

2.  Couple  alK)ut  vertical  axis. 

nmA  -  I  cos  a  +  T-  COR  20]  -  (  sin  0  +     cos  2  0  j  j- 

-  -  ami  I  v/28in(0  +  45')  +  "^  cos  2  0} 
Resultant  centrifugal  force  m  tJ2  in  the  dire<'tion  0-1-45. 


l: 
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4.  Couple  due  to  centrifugal  force  m^  sl\  about  an  axis  which  is  at  9  -^  45 
rotating. 

5.  Resultant  surging  couple  h  ,J2,  sin  (0  +  45). 

II.  Cranks  at  180^ 

1.  Resultant  force  in  line 

-mi|co8tf+  j-cos2tf|+mi|costf-  r-cos2tf|  =  -  2fiii2-co820. 

2.  Couple  about  vertical  axis 

-aiWil  oo8tf+  r-cos2tfj +am,(  -coetf+  r-oos29  j=  ~2amicoe0. 

3.  Resultant  centrifugal  force  0. 

4.  Couple  due  to  centrifugal  force,  2  am,,  about  an  axis  which  is  at  #+90 
rotating. 

5.  Resultant  surging  couple  0. 

i 

Three  Line  Engine  Unbalanced. 

I.  Cranks  120'' apart.     Distance  of  lines  apart   =a.     The  forces  at  the 
point  where  the  middle  centre  line  meets  the  axis  are 

crank  at  tf  -  120,  mj  |  -costf  -  -^ sin  ^  +  r(  xCos2tf  +  ^ sin  2 9  j  | 

crank  at  a  +  120,  m,-! -costf  +  -^sina-h  y  f -co82tf-  ^^8iu2«j  \ 

crank  at  6,  -  mA  cos  tf  +  -cos29  ). 

1.  Resultant  force  in  line 

0  +  0  +  0  +  0, 

that  18,  it  is  less  than  my  upproxiinations  take  account  of. 

2.  (>)uple  about  vertical  axis 

m^af  cose+  -cos2e  J  +  mia|^^co8a--  ^^8ina+  y  (  vC082a+      ]^8in2#)  }. 

=  mi«^3|cos  (6  +  30)  +  '* 8in2  (6  +  30)}. 

.3.   Resultant  centrifugal  force  0. 

4.  Couple  due  to  centrifugal  force.      ,y/3  m^  alx>ut  an  axis  coinciding  with 

the  intermediate  crank. 
r».    Result unt  surging  couple 


^[sine  +  8in(e+12<.>)  +  Rin(«-120)|=0. 


If  we  take  the  other  possible  arrangements  of  the  cranks  we  shall  find  that 
the  forces  are  exactly  the  same  if  the  engine  runs  in  the  opposite  direction. 

[I  have  just  seen  a  paper  by  Messrs.  Robinson  and  Sankey  (Inst.  Nav.  Arch- 
189'))  in  which  they  |X)int  out  that  a  perfect  Wlance  may  be  obtained  by  the  o* 
of  two  three  line  engines  or  a  six  line  engine.  This  is  evidently  true  as  (2)inJiy 
thus  be  balanced.--Or/o//<r  31x^  189H.] 


CHAPTER  XXX. 

KINETIC  THEORY  OF  GASES. 

349.  In  mathematical  calculations  concerning  stress  and  strain 
in  solid  and  fluid  bodies,  we  imagine  the  stuff  to  be  continuous  and 
homogeneous ;  we  assume  that  stress  is  proportional  to  strain ;  in 
Suids  we  assume  a  law  of  internal  friction ;  our  mathematical  results 
ire  of  value  because  in  many  cases  in  which  we  can  test  them  they 
igree  with  actual  fact.  When  we  leave  mere  mechanics^  which  is 
'he  name  given  to  a  particular  kind  of  exercise  in  mathematics ; 
vhen  we  consider  chemistry  or  heat  and  other  forms  of  energy,  we 
kPe  compelled  to  frame  theories  of  the  actual  molecular  constitution 
»f  matter.  It  is  no  longer  continuous  homogeneous  stuff  to  us  ;  we 
xe  compelled  to  study  its  coarsegrainedness. 

The  theory  that  a  gas  consists  of  molecules  which  are  rushing 
bout  among  each  other  with  all  sorts  of  velocities,  is  accepted  by  us 
•ecause  it  and  it  alone  agrees  with  all  the  facts  that  are  known  to  us. 
it  any  instant  nearly  all  the  molecules  are  so  far  away  from  each 
ther  (compared  with  their  own  sizes)  that  there  is  practically  no 
lutual  attraction  and  they  move  in  straight  lines ;  when  they  do 
ncounter,  whether  this  is  like  the  collision  of  a  pair  of  billiard  balls 
r  other  elastic  bodies,  or  whether  it  is  that  each  molecule  goes 
oand  the  other  as  a  comet  goes  round  the  sun  without  actual  con- 
act,  there  is  a  communication  of  momentum  which  we  call  a  collision. 
Tttm  history  of  one  collision  is  probably  very  complicated.  In 
11  probability  the  analogy  of  a  molecule  with  a  solar  system  or  star 
s  £Eiirly  complete.  We  may  imagine  the  millions  of  years  which 
lapse  before  a  star  comes  sufficiently  near  another  for  a  collision 
o  occur,  and  we  may  imagine  a  very  complicated  and  tedious 
ind  of  collision  between  two  stars,  each  with  its  planetarj'  system. 
Ve  must  rei)lace  millions  of  years  by  the  millionth  of  the 
aillionth  of  a  second  to  obtain  the  analog}'.  In  a  cubic  milli- 
netre  of  gas  there  are  probably  a  million  million  million  of  mole- 
ales,  and  each  of  them  meets  with  collision  on  an  average  7,000 
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million  times  per  second.  There  are  probably  all  sorts  of  velocities 
from  zero  to  some  that  are  indefinitely  large.  In  hydrogen  at 
ordinary  temperatures  the  average  velocity  (the  square  root  of  the 
mean  square  of  the  velocity)  is  greater  than  1  mile  per  second.  Each 
molecule  of  a  gas  consists  of  atoms  tied  together  by  a  mutual  attrac- 
tion. If  the  gas  is  water  stuff,  each  molecule  consists  of  two  atoms  of 
hydrogen  and  one  of  oxygen ;  this  is  the  simplest  image  of  the 
molecule  that  we  have  which  will  suit  the  observed  facts.  Higher 
temperature  means  on  the  average  more  and  more  violent  collisions, 
although  there  must  be  violent  collisions  at  any  temperature ;  greater 
density  or  a  greater  amount  of  stuff  in  a  given  volume  means  that 
each  molecule  has  a  shorter  free  path  and  that  more  collisions  must 
happen  per  second.  The  theory  allows  us  to  imagine  that  when  a 
collision  is  violent  there  may  be  a  divorce  (dlMOCiation  it  is  called) 
between  the  atoms  of  a  molecule,  and  divorced  hydrogen  atoms  may 
go  roaming  round  very  ready  to  combine  with  divorced  oxygen 
atoms,  but  it  is  not  until  very  high  temperatures  are  reached  that 
the  average  collision  is  so  violent  as  to  maintain  a  large  proportion 
of  the  atoms  in  a  state  of  dissociation.  This  idea  of  divorce  and 
marriage  is  a  very  good  working  idea  for  the  engineer  to  have  who 
wants  to  know  what  occurs  in  the  furnace  of  a  boiler,  or  in  a  gas  or 
oil  engine  cylinder.  He  had  better  remember  that  it  is  only  a  u.*^efiil 
sort  of  notion.  It  is,  however,  a  fact  that  if  carbonic  acid  CO,  i:* 
heated  to  a  high  temperature,  its  p^  v  and  t  do  not  obey  the  laws  of 

perfect  ^iisvs  nearly  so  well  as  at  lower  temperatures  ;  that   is  if 

be  called  ii,  then  H  increases  in  such  a  way  that  we  are  conipelltMi  to 
imagine  a  dissociation  of  C'Oo  into  carbonic  oxide  and  oxygen  (with 
disjippearance  of  heat),  just  as  at  very  high  temi)eratures  then*  is 
a  dissociatit)n  of  H^O  into  hydrogen  and  oxygen,  and  it  is  said  that 
although  in  ordinary  ways  of  co<>Hng  the  dissociated  CO  and  O  be- 
comes COo  (the  heat  reappearing),  yet  when  cooling  is  et!ecte<l  ver}* 
suddenly  the  stut^'  remains  dissociated.  Students  will  recollect  the 
])henoni(^noTi  of  recalescenc'e  in  iron  and  its  hanlening  when  sud<lenly 
cooled,  as  prol)a])ly  analog<nis  with  these  dissociation  phenomena. 

At  the  time  of  an  t^ncounter  the  internal  motions  of  the 
atoms  in  each  molecule  must  be  very  complicated  ;  but  after- 
wards each  molecule  is  left  vibrating  in  some  way  or  ways  jht- 
fectly  definite  for  this  ])articular  kind  of  molecule.  We  know  the 
periodicities  of  some  of  thes(»  internal  vibrations  from  sjK^ctnnii 
analysis.  Prol^ablv  the  internal  enertfy  of  a  molecule  is  of  manv 
kinds.  One  kind,  mere  potential  and  kinetic  energy  of  the  atoni.^i. 
seems  to  re-arrange  itself  in  amount  at  i»very  collision.     I  <lo  not 
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want  here  to  go  beyond  the  simplest  dynamical  notions,  but  the 
earnest  student  had  better  perhaps  break  off  from  mere  dynamical 
notions  for  a  while  and  try  to  understand  an  electro-magnetic  molecular 
theory  of  matter.  To  us,  just  now,  internal  molecular  energy  that 
may  not  become  heat  or  re-arrange  itself,  after,  at  all  events,  a  few 
millions  of  collisions,  that  is,  in  less  than  the  thousandth  of  a  second, 
is  beyond  our  considemtion. 

350.  The  energy  of  the  gas  which  we  consider,  is  first  the 
kinetic  energy  of  translation  or  flight.  The  average  amount  of  this 
in  any  one  direction  is  the  same  as  in  any  other.  We  imagine  the  total 
energy  of  flight  to  be  divided  into  three  equal  parts,  one  for  each  of 
the  three  degrees  of  freedom  of  a  point.  There  must  be  many  internal 
degrees  of  freedom  in  a  molecule.  It  has  been  shown  by  Maxwell 
that  the  total  kinetic  energy  divides  itself  equally  among  the  degrees 
of  fineedom.  Mere  points  have  only  three  degrees  of  freedom. 
Perfectly  smooth  spheres  would  for  our  present  purj)ose  be  reganled 
as  having  only  three  degrees,  because,  although  each  sphere  has 
really  three  other  degrees,  being  capable  of  rotation,  it  cannot  suffer 
any  change  in  such  energj^  of  rotation ;  whereas  if  the  surfaces  were 
rough  there  would  be  three  other  degrees.  Smooth  Ellipsoids  of 
revolution  might  be  regarde<l  as  having  five  degrees  of  freedom. 
Notions  of  this  kind  are,  however,  to  be  used  with  caution.  We 
cannot  imagine  anything  analogous  to  a  molecule  in  a  homogeneous 
sphere  or  ellipsoid. 

We  are  groping  towards  a  way  of  seeing  how  Maxwell's  theorem 
may  help  us  to  understand  from  the  kinetic  theory  how  it  can  be 
true  that  the  internal  molecular  energy  in  a  perfect  gas  should  keep 
proportional  to  the  kinetic  energy-  of  flight.  If  I  knew  clearly  what 
I  might  speak  about,  I  should  sjiy  that  as  in  flight  there  an>  three 
degrees  of  freedom  and  if  the  wholr  energy  of  flight  is  T,  then  if  in  the 
molecule  there  are  /degrees  of  ftvodoin.  the  total  kinetic  energy  is 

fr 

Unfortunately  experimentally  derived  values  of  7,  the  ratio  of  the 
specific  heats,  are  such  that  this  theory  of  Maxwell's  leaves  nuich  to 
be  explained, and  therefore  we  shall  put  it, as  C'lausius  did  originally, 
that  the  average  total  energy  of  a  molecule  is  /9  times  its  energy  of 
flight.  I  include  in  this  n<»t  merely  the  internal  kinetic  t»nergy  of  a 
molecule,  but  internal  ^'potential  energy,  or  all  the  kinds  of  energy 
with  which  we  deal  in  the  thennixlynamics  of  a  gas. 

On  the  kinetic  theory  the  law  for  a  perfect  gas  jyr  t  =  i?  a  con- 
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stant,  is  true  only  if  we  neglect  all  attractions  of  molecules  for  one 
another  and  also  the  volumes  of  the  molecules;  that  is,  assume 
perfectlystraight  free  paths  of  infinitely  small  particles.  By  taking 
account  of  possible  attractions  as  I  do  in  Art.  352,  Van  der  Waali 
has  arrived  at  his  well-known  equation 


(,_»)(._«).« 


where  m,  n  and  B  are  constants  ;  which,  however,  is  not  found  to  be 
altogether  in  agreement  with  experiment  for  all  substances. 
351.  It  can  be  shown  that  in  a  perfect  gas  : — 

1.  If  mj  is  the  mass  of  each  of  one  kind  of  molecule  and  m,  is  the 
mass  of  another  kind  of  molecule  when  two  gases  are  in  the  same 
vessel  and  Fj  and  V^  are  their  velocities.  The  average  value  of  m^  V^ 
is  the  same  as  the  average  value  of  m,  V^, 

2.  If  V  is  the  volume  of  unit  mass  of  gas,  so  that  m  being  the 
mass  of  one  molecule  and  there  being  n  molecules  in  unit  volume, 

mn  =  - ;  then  the  pressure  p  being  really  rate  per  second  at  which 

momentum  is  communicated  through  unit  area  of  any  interface  in  a 
normal  direction  by  molecules  fl}^ng  one  way  is 

|7  =  -  mn  V^ 
o 

or  pv  =  -  V^ 

where  V^  is  the  mean  square  of  all  the  velocities. 

It  is  evident  that  this  enables  us  to  calculate  V  for  any  of  the 
permanent  gases,  and  the  student  ought  to  make  the  calculation  for 
hydrogen,  oxygen,  carbonic  acid,  and  HgO  gas. 

8.  Since  by  (2),^)r  =  -  F-,  and  as  pv  =  Rt,  then    t   stands  for 

4.  It  is  evident  from  (2)  that  as  ^^  mnV^*  is  the    kinetic    energ}' 

of  translation  in  unit  volunio,  or  *;^^>,  the  kinetic  energy  of  translation 
in  unit  mass  is 

[^pv  (>v[^Iit 

And  we  take  ihi*  total  intrinsic  onergy  to  be  y8  times  this, 

or  £  =  ;J  Bpv  or  ^  ^llt 
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If  volume  is  kept  constant,  gain  of  E  when  the  temperature 
langes  one  degree,  is  the  heat  added,  that  is,  it  is  the  specific  heat 
;  constant  volume, 

r  *  =  I  /3i2 

iut  we  know  that  JST  =  J8  +  A:,  and  hence 

K  =  R  +  \pR  ori?(l+|/9) 

nd  hence  ry  =  — -=  —-+1  or)8  = 


k         W  3  7-1 

'he  best  method  of  finding  7  is  usually  from  experiments  on  sound. 
lie  following  are  known  to  be  fairly  accurately  determined  values 
f  7.  The  student  is  asked  to  calculate  )3  in  each  case.  He  may 
iso  be  sufficiently  curious  to  calculate  /  (presumably  degrees  of 
reedom,  in  a  crude  application  of  Maxwell's  theorem). 


"^     -'        OWrved  Computed. 


ii      3 

^     I 


7 


3  / 


Mercury  (Hg) 1  1*67  1 

Argon 1  (?)         1-65  1 


> 


Hydrogen  (H,) —  1*41 

Nitrogen  (N.) —  1-41 

Carbonic  oxide  (CO) \  ,  140      \    ,  / 

Hydrochloric  acid  (HCl) ]  "  1  39      /    »  \ 

Hydrobromic  acid  (HBr) —  1  42     , 

Hydroiodic  acid  (HI) ,     —  140     1 


5  0 


Chlorine  (CI,) 132 

Bromine  (Br,) 2  1*29 

Iodine  (If)        —  129  V  6| 

Iodine  Chloride  (ICl)      —  131 


Carbonic  acid  (COo) —  1308  \    ,,  '60 

Nitrons  oxide  (N.O) \„  1310  (    "  65 

Solphnretted  hyclrogen  (H58) ]^  1340         —  5-9 

Carbon  bisulphide  (CSs) —  1-239          —  8  4 


Ammonia  (NH,) 4  130  —  6-7 

Methane  (CH,) —  1*313  213  6  4 

Methyl  chloride  (CH,C1) —  1279  24  7*2 

Methyl  bromide  (CHjBr) \,  1*274  2  43  73 

Methyl  iodide  (CH3I)            f*  1-286  2  ;W  71) 

Methylene  chloride  (CH2CI2) —  1-219  3i)7  9-2 

Chloroform  (CHCl,)    .    .       —  rir>4  4  33  13i» 

Carbon  tetrachloride  (CCl^^ —  1130  .->13  ir>-4 

aiicoo  tetrachloride  (SiCl4) —  1  1-29  5-2  15*6 
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My  reason  for  dwelling  upon  this  matter  and  asking  students  to 
speculate  on  these  results  for  themselves  is  this,  that  Mr.  MacfiBU*lane 
Gray  asssumes  that  in  a  gas  such  as  HgO  gas  we  must  have  liikiK 
in  the  ratios  2:5:7,  and   everybody  who  gives  thought   to  steam 
engine  theor}^  must  have  a  good  reason  for  his  action  if  he  disagrees 
with  Mr.  Gray.     Experimentally  I  find  that  this  ratio  holds  only 
approximately   in   the   case  of  some   of  the   transparent  diatomic 
gases,   and  it  is   certainly  not  the  case  in   the  coloured  diatomic 
gases.     As  HgO  is  triatomic,  we  might  expect  the  ratio  of  K:  k  to 
be  1*31  to  1*34,  or  possibly  as  low  as  1"239,  but  we  have  no  a  prior 
reason  for  thinking  that  it  is  1'4.     Indeed,  the  more  we  study  the 
values  of  7,  or  )8,  or  /  (a  more  complete  ^  table  of  gases  is  given  in 
a  paper  by  Dr.  Stoney,  Phil.  Mag.,  Oct.  1895,  and  it  is  from  his 
paper  that  I  have  taken  the  above  numbers)  the  more  disinclined 
are  we  to  assume  that  we  know  anything   about  either  molecular 
degrees  of  freedom  or  the  meaning  of  Maxwell's  law  in  the  kinetic 
theory  of  gases. 

35fl.  It  is  worth  while  here  to  say  something  of  the  kinetic  theory*  when 

attractions  are  not  neglected.     If  a  particle  of  mass  m  at  x,  y, :  is  acted  on  bj  • 

dp 
force  X,  Y,  Z,  then  mic  =  X.     Olaiuiivui  transformed  this  by  ufting  -v-,(^)  = 

2x-  +  2xx,  so  that  we  find 

Integrating   ivom  0  to  ^  and  dividing  by  f  we  get  mean  values.     If  the 
motion  is  periodic,  the  mean  value  of  the  last  term  on  the  right  hand  side  is 

zero.     Kven  if  not  strictlv  periodic,  if  x  and    ,    do  not  continually  increase,  the 

*  (if 

mean  value  of  the  last  term  gets  to  be  smaller  anil  smaller,  and   is  negligible, 

and  so  we  have,  indicating  averages  by  strokes. 

t^nix-    -     -  ^Xj'  .    . (1) 

Adding  the  three  equations  like  (1)  we  get  an  expression  for  the  kinetic  energ>' 
of  a  jmrtide.  Adding  the  energies  of  all  the  j>articlea  vie  get  total  kinetic 
energy  of  the  syst«'m 

E  -r   -    .\2(A'r  4-  Yt/  +  ZT)     ....     (2) 
Now  we   may  distinguish  between   forces  extenuilly  applied  and   internal 
forces.      For  example,  let   the  uniform  pressure  />,  exertcil  by  a  confining  vessel 
of  V(»huiie  i\  be  the  nnly  external  force 

2  X  X  I'  \   \ '''  *''*^  "  •  ''*^  ~    ~  p  \   I  X  .  ily  .  dx  =    -  jn\ 

•       •  •       * 

if  (IS  is  ail  eleuienl  of  area  of  the  bounding  surface,  a  the  angle  made  by  tiie 
normal  there  to  the  axis  nf  x.  Hence  for  the  external  forces  the  right  hand 
expression  of  ['!)  becomes  !;/"'. 

Xow  as  to  iiili-riial  f»Mce**.      It   A'  is  the  attraction  Iwtween  two  particles  \\. 
.»•,  y,  :,  and  x\  //',  z\  whose  distance  apart  is  /•, 

\x  I   A  X  lix  -f  lix  = /^ 

/•  ;•  r 

'  iMoiliticil  froiu  Mr.  Caj)stick's  table,  Srunn  I'l-fxjrfHH^  June,  1895. 
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Adding  such  similar  expressions  we  see  that  the  right  hand  expression  of  (2) 
become^  for  the  internal  forces  S^/^r.  This  is  called  the  Tirial  (or  sometimes 
merely  the  internal  virial,  the  whole  right  hand  expression  of  (2)  being  called 
the  whole  virial).     Hence  (2)  becomes  ; — Total  kinetic  energy  of  the  system 

JSr  =  fpr  +  42i?r (3) 

When  the  virial  is  not  indefinitely  small,  j^v  is  no  longer  constant  when  the 
temperature  is  constant  if  we  assume  that  the  temperature  is  proportional  to 
the  kinetic  energy.  Comparing  (3)  with  experimental  results  we  find  that 
whereas  in  imperfect  gases  B  is  an  attraction,  in  liquids  the  \irial  l)ecome8 
negative  and  /?  is  a  repulsion.  Further  considerations  of  this  kind  led  Van  der 
Waals  to  his  equation. 

353.  The  study  of  the  Van  der  Waals  equation  is  recommended  to 
students — in  spite  of  its  known  incompleteness — because  it  does  give 
fcirly  good  notions  of  the  behaviour  of  ordinary  gases.  It  shows  the 
way  in  which  an  actual  gas  differs  in  behaviour  from  what  we  call  a 
perfect  gas.  We  may  imagine  as  the  density  gets  greater  how  the 
free  path  gets  shorter,  and  how  collisions  are  more  frequent  until  in 
the  liquid  state  the  molecules  have  no  straight  line  paths,  although 
they  seem  to  be  able  to  move  about  freely  among  each  other,  so  that 
diifiision  phenomena  are  explainable. 

And  yet  how  veiy^  crude  these  notions  seem  to  be  when  we  con- 
sider the  enormous  tensile  forces  which  liquids  are  sometimes  known 
to  withstand,  as  if  the  repulsion  which  exists  between  molecules  in 
the  liquid  state  became  a  great  attraction  at  slightly  greater  distances 
asunder.  Again,  in  the  solid  state  the  roaming  of  molecules  among 
each  other  seems  to  be  quite  given  up ;  each  seems  to  attract  its 
neighbours  with  great  cohesive  forces.  For  what  is  known  about 
molecular  theory,  the  student  must  refer  to  iulvanced  books  on  physics 
and  chemistr\'.  It  must  be  of  value  in  the  studv  of  heat  encnnes. 
The  student  ought  to  have  some  molecular  theory,  simple  or  complex, 
which  will  enable  him  to  imagine  how  things  ha])pt'n.  To  imagine 
how  at  the  surface  of  a  liquid  some  of  the  liquid  molecules  havt» 
sufficient  velocity  to  jump  out  of  the  liquid,  and  how  cMjuilibrium  is 
established  when  just  as  many  of  the  vapi)ur  molecules  get  entangled 
in  the  liquid  per  second  as  there  are  others  that  jump  out. 

354.  One  of  the  most  int<Testing  things  in  connection  with 
the  kinetic  theor}'  of  ga.sc*s  is  its  sim])l('  explanation  of  ▼iscosity. 
ft'e  have  only  to  imagine  a  great  number  of  railway  trucks  moving 
near  one  another  without  friction,  on  many  lines  of  rails  at  all  sorts 
of  speeds,  crowded  with  men  who  arc  continually  junqnng  from  one 
track  to  another;  there  is  a  continual  communication  of  momentum, 
and  momentum  per  second  communicated  is  force — a  f(»R*e  tending 
to  the  equalisation  of  the  spee<ls  of  all  trucks  near  one  another,  a 
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force  of  friction.  The  theory  explains  then,  not  only  diflfusion  and 
conduction  of  heat  in  a  gas,  and  viscosity,  but  how  increase  of 
temperature  increases  them  all.  In  liquids,  although  at  higher 
temperatures  the  diffusivity  and  probably  the  conductivity  are 
greater,  the  viscosity  is  invariably  less;  and  in  all  liquids  except 
mercury,  very  much  less.  We  believe  that  the  study  of  the  viscosit? 
of  liquids  will  lead  us  to  better  notions  of  molecular  constitution. 

355.  What  is  capillarity?  Of  course  the  student  knows  the 
theory,  probably  in  the  form  of  the  superficial  tension  analogy 
easily  understood,  as  given,  say,  in  Maxwell's  book  on  Heat.  But  he 
must  endeavour  to  have  a  private  notion,  however  crude,  of  the 
cause  of  the  phenomena,  and  how  they  are  effected  by  electricity,  for 
example.  It  is  most  important  for  us  in  connection  with  condensa- 
tion and  vaporisation  when  the  liquid  is  in  the  shape  of  fine  or  large 
drops. 

Water  in  a  drop  will  evaporate  more  readily  than  if  the  surface 
were  flat.  Unless  drops  are  so  small  that  surface  tension  is  alto- 
gether different  in  character  from  what  it  is  in  visible  drops,  if  p  is 
the  pressure  necessary  to  prevent  evaporation,  and  po  is  the  pressure 
of  saturated  va})our  corresponding  to  the  temperature ;  if  t  is  the 
surface  tension,  r  the  radius  of  the  drop,  a  the  density  of  the  vapour, 
p  that  of  the  liquid ;  p  is  greater  than  2^0  by  the  amount 

a     2 


p  —  a  r 

This  explains  why  in  dust  free  space  the  saturation  pressure  may  be 
greatly  exceeded  without  condensation.  Moist  air  free  from  dust 
may  bo  suddenly  expanded  so  that  the  pressure  is  many  times  the 
saturation  pressures  without  the  formation  of  cloud.  The  presence  of 
electrified  zinc  or  the  passage  of  Riintgen  rays  or  ultraviolet  light  or 
light  from  Uraniuin  glass  causes  cloud  to  form.  It  is  evident  from 
these  and  many  otlirr  observations  that  we  are  very  far  from  having 
an  i'xact  knowledge  of  what  occurs  insidi'  a  steam  engine  cvlinder. 
So  also  for  a  bubble  of  steam  to  get  larger  in  water,  the  saturated 
pressure  y'o  of  th<'  steam  eurrespoiiding  to  its  temperature  must  be 
greater  than  that  of  the  water  ;>  by  the  above  amount.  One  hardly 
sees  how  such  a  bubble  could  form  were  it  not  for  1,  Dissolved  gases. 
2,  Some  action  of  the  surface  of  tlu^  containing  vessel  or  jmrtieles  of 
foreign  solid  matter.  Certainly  there  are  cases  known  of  (Imps  of 
wat<*r  existing  surroini(l«'d  by  oil  at  at niosplnric  pressure. and  .'JoeT., 
whereas  the  saturation  pressure  corresponding  to  this  temperature 
is  10  atmo^^pheres.     Here   we  have   evidence  of  great  resistance  to 
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Qsile  stress  in  water,  and  the  phenomena  of  latent  heat  led  Dupr^ 

think  that  the  tensile  stress  called  into  play  in  changing  water  into 

ppour  is  about  25,000  atmospheres.     Water  very  free  from  air  is 

»w  used  in  most  boilers,  and  it  is  well  to  notice  how  in  the  Thomey- 

t>ft  boiler  the  evaporation  is  assisted.     It  is  this  tendency  to  "  boil 

Lth  bumping "  of  air  free  water,  that  gives  so  much  trouble  in 

Bui;iDg  the  fires  of   many    marine    boilers   and   makes    artificial 

rculation  so  necessary. 

356.  So  much  for  the  behaviour  of  water  and  steam  under  static 

^nditions ;  but  we  must  expect  that  when  sudden  changes  take 

lace,  say  under  the  conditions  which  hold  inside  a  steam  engine 

flinder,  the  ordinary  static  law  connecting  pressure  and  temperature 

f  saturated  steam  is  not  merely  not  a  guide,  but  is  actually  mislead- 

Qg.    It  seems  almost  impossible   to  study  what  goes  on  inside  a 

team  engine  cylinder  unless  we  are  allowed  to  imagine  that  all  the 

tuff,  vapour  and  water,  is  at  the  same  temperature  at  ever}'  instant. 

n  truth,  however,  as  the  temperature  changes  rapidly,  even  if  we 

magine  the  material  of  the  cylinder  to  be  itself  non-conducting, 

here  must  be  very  curious  difterences  of  temperature  in  the  fluid. 

klessrs.  Callendar  and  Nicolson  found  that  whilst  the  temperature 

hewn  by  a  thermometer  in  the  body  of  the  steam  was  nearly  that 

f  saturation  corresponding  to  the  pressure,  the  temperature  shown 

V  another  thermometer  inside  the  cylinder  shows  what  we  may 
•  •  • 

?gard  as  rapid  superheating  during  cushioning  and  admission ; 
hereas  after  a  very  rapid  rise  the  temperature  then  fell  rapidly. 
II  it  was  well  below  the  saturation  temperature,  just  before  cut-ofi* 
?gan  to  take  place.  Professor  Callendar  has  had  so  much  experi- 
ice  of  the  measurement  of  temperature  that  we  must  look  upon  his 
easurements  as  probably  coiTect,  however  much  they  may  seem  to 
>DJ9ict  with  our  other  notions.  He  has  himself  given  a  good  ex- 
anation  of  the  fall  after  expansion  begins ;  but  I  cannot  accept  his 
ew  of  the  superheating,  for  it  is  pmctically  impossible  for  nu'  to 
lagine  that  the  ordinary  well-lagged  cylinder  using  ordinary  steam 
ever  free  from  water.  The  explanation  of  the  drop  is  this.  Any 
le  who  has  worked  a  little  with  the  t(f>  diagnim  knows  that  in  the 
liabatic  expansion  of  a  i)oun(l  of  water  stuti',  containing  x  lb.  of 
eam  and  1  —  a?  lb.  of  wati*r :  if  .»'  is  nearly  1,  condensation  occun> 
iring  expansion  ;  if  a;  is  nearly  0,  evaporation  occurs.  That  is,  the 
Iter  tends  to  evaporate,  and  the  steam  tends  to  condense.  Imagine, 
en,  the  struggle  occurring  at  the  surface  of  the  water,  and  it  becomes 
ident  that  if  the  eximnsion  occurs  nipidly  there  are  really  ditier- 
of  temperature  between  one  portion  of  the  fluid  and  another. 
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We  may  imagine  the  hotter  portions  of  water  being  converted  ] 
steam  and  cooler  portions  of  the  steam  becoming  water.  If  : 
small,  it  is  probable  that  on  the  whole  the  water  is  hotter  than 
saturation  temperature  corresponding  to  the  pressure,  and  if  x  is  h 
it  is  probable  that  on  the  whole  the  steam  is  cooler  than  the  sati 
tion  temperature  corresponding  to  the  pressure.  Anyhow,  we  h 
no  right  to  assume  the  saturation  temperature  and  pressure  to  e 
throughout. 

I  have  not  here  referred  to  the  probable  differences  of  temperat 
existing  in  a  layer  of  water  which  gets  thicker  or  thinner  by  < 
densation  or  evaporation.  If  the  material  of  the  cylinder  ¥ 
absolutely  non-conducting,  this  layer  is  likely  to  be  more  uniC 
in  temperature  during  the  evaporation  process  than  the  condensat 
a  circumstance  which  tends  slightly  to  diminish  the  amount  of  ( 
densation  in  a  steam  engine  cylinder. 


CHAPTER    XXXI. 

THERMODYNAMICS. 

357.  When  we  say  that  the  state  of  a  pound  of  stuflf  is  defined 
ifitsp,v  and  t,  we  understand  that  it  is  all  at  the  same  temperature, 
nd  that  it  is  a  fluid,  or  at  all  events,  can  only  experience  the  sort 
sf  strain  or  stress  which  a  fluid  can  experience.  Our  assumption  is 
that  there  is  no  molecular  structure  in  the  fluid.  It  has  only  elasticity 
)f  bulk.  If  it  was  in  the  state  ^,  v,  and  gets  into  the  state  7)  -f-  S^, 
f  4-  Sp,  then  —  8v/v  is  ca  led  its  compressive  strain,  accompanying  the 

increase  of  stress  Sp.  Any  kind  of  elasticity  is  defined  as  a  stress 
livided  by  the  corresponding  strain,  and  hence  fluids  can  only  have 
he  elasticity, 

«  =  Sp -r  (  —  Sv/t?)  or  —  r  ' .-  (1) 

The  value  of  this  may  be  0,  if  for  example  Bp  =  0  and  Bo  has  any 
r'alue.  Again,  it  may  be  » ,  if  for  example  Bv  =  0  and  Bp  has  any 
ralue.  There  are  two  values  of  the  elasticity  which  are  considered 
more  important  than  others,  namely,  the  elasticity  when  temperature 
Keeps  constant,  and  this  I  shall  call  et ;  the  elasticity  when  the  stufl* 
neither  loses  nor  gains  heat,  and  this  I  shall  call  e„, 

358.  In  all  cases  the  state  of  a  pound  of  stufl*  is  completely 
known  if  we  know  two  of  the  quantities,  v,  p  or  t,  if  these  are  in- 
lependent  variables.  It  is  supposed  that  physicists  and  chemists 
bave  provided  for  us  this  knowledge ;  given  p  and  v,  or  t  and  v,  wd 
:an  calculate  or  find  the  other  of  the  three.  To  give  p  an<l  t  during 
!iiange  of  state  will  not  define  the  state  of  the  stuff"  as  these  an*  not 
tihen  independent. 

Any  change  of  state  is  a  change  from  ;>  to  /?  -f-  Sp,  a  change  of  v 
io  V  +  5r,  a  change  of  ^  to  t  -{-  Bt;  any  of  these  increments  being 
Mmtive  or  negative.  If  two  of  the  changes  are  known,  the  thin! 
ma  be  calculated  because  we  are  supposed  to  know  the  character- 
slic;  theiefiore  the  change  of  state   is  completely  defined   if  we 

o  o  2 
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know  Bv  and  Bt,  or  Bv  and  Bp,  or  (except  in  case  of  change  of  state 
from  solid  to  liquid  or  liquid  to  gas)  if  we  know  Bt  and  S^^. 

In  my  calculus  I  have  endeavoured  to  give  in  an  easy  way  the  idea  under- 
lying such  a  calculation  as  this  : — Given  9t  and  8i*,  infinitely  small  changes,  to 
find  8/),  p  being  a  function  of  t  and  i\ 

»^' =  (f ) "  -  (J)  "• '" 

of  a  perfect  gas  (f )  =  ■?.  (g.)  =  -  ? 


In  the  case 
and  so 


/?  p 

9p  =   -  .  it  -  -  .  ir 
r  V 


(2) 


I  gave  examples  :  I  took  t  =  5(10,  p  =  2000,  r  =  14*4.  Taking  new  viluw 
of  t  and  V  as  follows,  I  coidd  calculate  the  new  p  in  each  case  quite  accurtUly 
from  pr  =  Rt.  I  wanteil  to  see  with  what  accuracy  (2)  would  give  the  Mine 
answer,  knowing  that  (2)  is  more  and  more  true  as  it  and  ic  are  maile  le^  tod 
less  and  is  not  absolutelv  true  unless  if  and  iv  are  smaller  and  smaller  withoot 
limit. 


r 


true        assumed    assumed       true        Sp  calculated 
P  if  ir  ip  from  (2) 


500 

14-4 

2<K)0 

r>oi 

14-5 

199<^2 

I 

01           ' 

-9-8 

-9-9 

5001 

14-41 

19tK)-2 

01 

0-01 

-\V 

-0-99 

50001 

14-401 

19WMI 

0-Ul 

O-lHJl 

-01      , 

-010 

(3» 


In  the  same  way,  for  any  suhstance 

■■-e>-(S)" 

"-c)-(i,)" ■< 

Again,  8Uj)pose  that  there  ia  no  change  in  ;/  ;  put  (1)  -  0  and  we  have 

'-''  if /,  .Ws  ,.„t  alter  =   -    ('^')  f  (-j') 
This  is  written  as 

(;;;)-  (:»/(;;;■)••■■  (;;;:)(;$) 

Similarly  from  (,3), 


(.1) 


(6) 


Similarlv  from  (4), 


('i-.^""(i)/(;/0"'"(S(^'0-  • 


These  statements  are  so  new  to  some  students  that  I  advise  them  to  illus- 
trate what  they  mean  by  applying  them  all  to  the  case  of  a  perfect  gaspt*  -=  Bt. 
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All  the  above  merely  follows  from  the  mathematical  fact  that  any  two  of 
Pf  V  and  t  are  independent,  or  that  each  of  them  is  a  function  of  the  other  two. 
In  other  words,  there  is  some  one  law  connecting  p^  v  and  t  of  one  pound  of  any 
substance,  although  we  may  only  know  the  law  approximately  for  a  limited 
range  of  states.  This  is  also  the  same  as  **  if  a  point  in  space  represents  by  its 
three  distances  from  the  three  standard  planes  the  p,  t;  and  f  of  a  pound  of  stuff, 
such  points  all  lie  in  a  surface."  Students  ought  to  practise  the  drawing  of 
curves  to  express  our  knowledge  of  the  behaviour  of  any  stuff.  They  are  sup- 
posed to  have  done  this  before  beginning  the  study  of  steam  engines.  Thus,  at 
any  given  temperature  to  draw  a  cur\'e  showing  the  />,  v  diagram  of  1  lb.  of 
steam  at  constant  t  from  a  superheated  state  until  it  is  all  liquid.  The  properties 
of  carbonic  acid  are  fairly  well  known  to  us,  and  its  />,  v  {t  constant),  j9,  t  {\j  con- 
stant), t%  t  (p  constant)  cur>'es  ought  to  be  drawn.  The  drawing  of  the  v,  i 
(p  constant)  curve  for  water  stuff  from  the  ice  to  the  superheated  steam  state  at 
a  few  constant  pressures  is  probably  the  mast  important  exercise.  My  students 
have  often  drawn  such  curves  (eking  out  the  exact  infonnation  of  the  books  by 
guessing).  They  have  then  cut  templates  from  one  inch  planks,  1  inch  thickness 
representing  1  atmosphere  ;  they  have  built  these  up  with  screws  and  glue  care- 
fully and  chamfered  off  the  edges,  and  so  obtained  a  surface  showing  by  its  three 
coordinates  the  p,  r,  t  of  water  stuff.  This  is  more  easily  done  for  a  perfect  gas 
(the  templates  for  />,  t  or  r,  t  are  quite  straight  and  the  whole  work  takes  only  a 
few  hours),  and  a  student  hitherto  called  stupid  will  sometimes  begin  to  take  an 
interest  in  more  abstract  mathematics  after  he  has  marked  out  tlie  places  for 
which  ^  is  constant.  To  merely  read  about  the  doing  of  these  things  is  surely 
a  weariness  to  the  flesh.  When  a  student  has  actually  done  the  work  it  is 
nearly  impossible  for  him  not  to  know  that  lx>th  E  and  ^  are  the  same  if  the 
!<itate  of  the  stuff  is  the  same,  and  this  means  that  he  really  knows  the  two  laws 
of  thermodynamics. 

359.  If  we  examine  such  a  statement  as  (1)  of  Art.    191 

must  remember  that  it  is  only  true  if  the  change  of  state  is 
sidered  to  be  smaller  and  smaller  without  limit.  At  the  same 
e  the  two  changes  ht  and  hv  are  quite  independent  of  one  another ; 
nay  be  o,  or  it  may  be  o.  It  comes  from  the  two  assertions : — 
e  heat  given  to  the  stuff  in  any  small  change  of  state  is  calcu- 
e,"  and  "  we  know  the  whole  change  of  state  when  we  know  the 
age  in  t,  and  the  change  in  r."  As  hv  may  be  large  or  small 
[pared  with  hi,  let  hv  =  o,  then  the  heat  is  k.ht,  so  we  see  that 
t  means  **  the  heat  given  to  the  body  during  the  change  of  tempera- 
\  Bi  when  the  volume  does  not  alter."  Similarly  / .  Bv  means  '*  the 
t  given  during  the  change  Bt\  when  temperature  does  not  alter." 
ice  /  is  what  may  be  called  a  latent  heat  of  expansion,  and  k  is 
specific  heat  at  constant  volume.  In  the  same  way  A'  is  called 
specific  heat  at  constant  pressure.  The  student  must  read  such 
ements  as  (1),  (2)  and  (3)  of  Art.  191  in  several  ways,  trying  to 
exactly  what  each  term  means. 


566  THE    STEAM    ENGINE  chip. 

Now  the  three  statements  must  agree  in  giving  the  same  answer, 
and  if  we  put  them  equal  to  one  another  in  pairs  we  get  relatioiw 
between  the  co-efficients. 

Thus  k,dt  +  l.dv  =  K.dt  +  Z.rf^7. 

Substituting  dp  =  (^^(^t  +  i^%lv  from  (1)  of  Art.  358.  we  have 

k.dt  +  l.dc  =  K.dt  +  T.(^dt  +  LQ^di\ 
This  is  true  when  dc  =  o,  and  also  when  dt  =  o,  .so  that 

'••  =  ^'+<l) <»' 

(2) 

Again,  putting  A-.rf<  +  I .dr  =  P.dj)  +  V.dc  and  substituting 

"" = (f >"  ^  (IK 

we  have       /• .(//  +  /.  <h-  =  P(^f^(ff  +  ^(4)'^^"  +  ^^- '''' 

so  that  /.•  =  P.  ('^') {:\) 

an.l  /  =  P{f)  +V (4) 

The  student  ought  to  write  out  another  equality  of  the  expres- 
sions of  Art.  101  and  get  two  other  relations;  also  he  may  use  other 
substitutions  than  what  I  have  adopted.  In  this  way  he  will  obtain 
other  relations,  but  he  must  not  hope  to  find  them  all  indept'udent. 
For  exani]»Ie,  he  will  tind 


-  <t) 


'  -  o  = 


(.•)) 


and  iC     j  =  /,    .  (i) 

and  again  A'(   .   j  -f  A  =  /'  . 


S) 


(:;;.)  ^ 


but  he  might    have   tound   thrse   by  pmprr  combinations  (»f  those 
already  found.     It    is   to  be   notieed    that    for  so  far  we  have  onlv 
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employed  algebra ;  we  have  assumed  the  existence  of  some  law  con- 
lecting  p,  V  and  t,  and  that  Sff  is  calculable,  but  the  above  relations 
tre  true  algebraically  even  if  we  do  not  call  S,  heat ;  or  v,  volume  ; 
>r  t,  temperature. 

360.  Exercise.    The    elasticity  at    constant   temperature    is 

r,  =  —  v  (^j.  To  write  out  e^  it  is  necessary  to  find  the  relation 
between  Bp  and  Bv  when  BII  is  o.     Now 

SE:=  P.Bp  +  V.Bv 

so  that  when  BII  is  o,  -^  is =r,  and  hence 

dv  P 

V 

Thus    ^^  =  -y^  (^).      Taking    V  from   (8)  above  and   P 
from  (3) 

But,  as  we  have  already  seen  in  (5)  of  Art.  358 

/dp\  _^  /^\       __  /dt\ 
\dv)   '   \dt)  \dv) 

and  hence  for  any  substance 

'"  =  f     ......     .     (9) 

Phis  ratio  I  always  denote  by  the  letter  7. 

Again,  note  that  we  have  an  important  general  statement  which 
lepends  only  on  our  definition  of  elasticity,  and  is  merely  algebraic, 
or  what  we  call  elasticity  may  have  no  physical  meaning.  We  give 
t  a  physical  meaning  when  we  say  what  v  and  p  and  H  mean. 

36 1  •  We  leave  mere  algebra  w hen  we  say  :  if  BH  —  p.Bvha 
ailed  BE\  then  BE  is  a  complete  diSerential,  that  is,  the  value  of 
be  ^  of  a  body  depends  on  the  state  of  the  stuff.  Now  it  is 
hown  in  elementary  calculus  books  that  if 

M  ,dx  +  N  .dy 
5  a  complete  differential,  (-7—)    =  ("7~ )  5  ^^^  hence  if  we  subtract 

.S»  from  any  of  the  expressions  of  Art.  191,  and  apply  this 
riterion,  we  have  three  expressions  for  the  fint  law  of  thermo- 
lynawitoi* 
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Thus  clE  =  (IH  —  p,(lv  =  k.  dt  +  (/  —  p)dv.  The  first  law  is  then 

(a 'O.-m  ■■■  <«" 

or  using  dE  =  dH  —  p,dv  =  P.dp  +  (V  —  ^))di; 


With  not  much  more  trouble  we  find 


\dj))t      \rfjp~  \dt)    •    •    •    •    <^-) 

Any  one  of  (10),  (11)  or  (12)  may  be  called  the  first  law  of 
thermodynamics,  as  it  is  common  enough  to  see  a  partial  statement 
called  a  general  law.  The  real  first  law  is,  however,  "*  dE  i**  a 
complete  differential." 

Now  let  us  apply  the  second  law.     Divide  each  of  (1),  (2)  ami 

dff 
(3)  of  Art.  191  by  t,  and  let  be  called  d<f},  and  make  the  state- 

ment  that  d<f)  is  a  complete  differential.     Thus 

d<f}  =  ——  =  J  ,dt  +  -do 
The  criterion  after  multiplying  by  t  gives 

©,=(S.-i <"' 

Combining  (^13)  and  (10)  we  have 

'-© ■  '»> 

Let  the  student  show  also  that  when  (14)  is  combined  with  the 
criterion  and  the  earlier  equations  we  have, 

©,-'S <-> 

and  (   ^    \   =  —  i-  ^ (17) 

It  iiiunctliiitoly  follows  from  (15)  and  (17)  that 

/,•  =  k  +  iff'^^;^  .  f/c (l<n 

A'=K-r|^^^'.c/y> (20) 

where  k  and  K  ixro  functions  of  the  temprrature  only. 
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3612.  Exercise  1.  Show  what  the  above  relations  become  when 
substance  follows  the  law  pv  =  Rt,  Number  the  corresponding 
quations  in  the  same  way  and  keep  the  results  for  reference.  Note 
hat  neither  K  nor  k  is  necessarily  a  constant,  but  if  either  is  con- 
tant,  the  other  is  so  also.  If  not  constant  they  must  be  functions  oi 
emperature  only.     Our  answers  are : — 

I  =  Py  L  =  —  v, 

K  —  k  =  R,  and  the  expressions  (1),  (2),  (3),  of  Art.  191  may 
36  written 

ilH  =  k.dt  +  p.dv  =  JC.dt  —  v,dp  =      __  ,  dlpv)  +  p . dv 

Also 

il>'-il>^  =  klogt  +  R\og,  V,  £-£^  =  kit  -  g 

-ffio  =    -      v  {Pi^i  -i^oO  +  ^^'^^^J^  done. 
7—1 

If  expansion  occurs  according  to  the  law  pv^  constant, 
Heat  given  during  expansion  =  -  x  work  done. 

dH      7  -  s 
>r  ,—  =  p  =  h  say. 

dv        7  —  r  "^ 

lence  if  A  is  0,  that  is,  if  the  expansion  is  adiabatic,  s  is  7. 

The  student  ought  to  express  ^  in  tenns  of  p  and  r,  and  also  of 
and  t,  and  show  that  an  adiabatic  may  be  expressed  in  any  of  the 
rsLVSp^  OT  tvy~^  ov  pty'^^'y^  constant.     See  Art.  201. 

363.  Exercise  2.  There  is  onlv  one  way  that  I  know  of,  in  the 
bsence  of  fresh  experiments,  to  determine  the  value  of  K  for  HgO  as 
as.  It  is  to  assume  that  saturated  steam  at  low  temperatures  and 
ressures  is  in  the  gaseous  state.  It  is  easy  to  show  that  this  assump- 
ion  must  be  very  nearly  correct,  for  the  volume  pressure  and  tem- 
erature  of  saturated  steam  satisfy  the  law  for  a  perfect  gas  more 
nd  more  closely  at  lower  temperatures.  Taking  the  atomic  weight 
f  oxygen  as  15*88,  we  have 

^:  =E=  153-8. 

This  15*88  I  have  taken  un(h»r  the  advice  of  authoritative 
hemi-sts.     We  have  from  the  above  ecj nations  for  a  perfect  gas 

d<f>  _  K       c  dp 
dt  "~    /         t  dt 
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Now  let  us  supiK>se  that  -j-  is  according  to  saturation,  so  that  if 

\  is  tht'  usual  latent  heat,  t>  -y-  =  — -,  sec  Exercise  5,  and  henct- 

(If        t 

d(l>       A'       \  A'      797   ,  -695 

using  Regnault  s  formuhi.  But  th(»  entropy  of  a  pound  of  saturated 
steam  is 

^  =  log     +-/ 

so  that 

dd>       1       797 

dt     t      I-      ^-' 

Writing  (I)  and  (2)  equal,  we  find  A'  =  '805,  and  as  ^  =  il  *♦' 

have  k  =  195.  I  take  these  to  be  the  sj>ecific  heats  of  superheati*<l 
steam  about  O'"  C,  and  their  ratio  is  1*55.  If  we  take  Gritlilh> 
instead  of  Regnault,  A"  is  liOO,  k  is  '289,  and  their  ratio  is  1*38. 

364.  ExEUcisE  8.  Show  what  the  above  relations  become  wIumi 
a  substance  follows  the  law 

2,  =  ht  ^  a 

when'  a  and  h  mv  functions  oi  rolnm'c  onlv. 

It  will  be  sft'ii  that  the  equation  of  Van  der  Waals,  Art.  li.")!.).  i> 
of  this  form,  because  we  can  write  it  as 

nt 

r=  +    .. 

1  V  J'* 

III  tile  tir>t  iilaci'.  siiicr  (   ;  )  =  //  and      ,  ,  =  0,  we  siv  from  .11^ 

\<lt  /  iit- 

Art.  ;^()1,  that   /.    i>  ii  function  «)f  /  only.     Als«»  from  (14^,  /  =  //*  ^r 

/  =  //  —  ^',  aii<l  tlu'i'rforc 

dU  =   I'.dt  -f  ih.dr 
glVr>  lip  —  =       .fif-\-  h.dr 

i)v  <f)  —-  a  fnii<*ti<»n  of/  nnl\  -f-  a  function  of  r  only. 
Also  Nincr  il E  —  ilH  —  j'.dr  —  I  ,dt  -f    fh—p)(ii'  =  k.df  —  ^  .'ir, 
\\«'  have,  A'  --  a  tuni'tion  of/  onlv  -f-  a  function  of  c  onlv. 

366.   KxKH<l.sK  4.    Kani>av  states   that    r//.  the  adiabjitic  ela^- 
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icity,  is  a  linear  function  of  t  if  the  volume  is  constant,  and  that 
he  law  assumed  in  Exercise  3  is  generally  true  of  all  substances. 
Jhow  that  these  statements  are  consistent  with  one  another. 

^^^^'  f-  =  f  °^  '"  =  -  Kl)  T 

refind  e„  =  v[^  -  t^  - -^-^  =.  a  +  fit, 

av,  where  a  and  8  are  functions  of  volume  only. 
It  will  be  found  that  this  requires 


nd  hence  if 


*  =  'Ot>(?  +  sH 


a       da         .,„ 
V      dv 

V        dv 

here  A  and  B  are  constants,  the   two  statements   are  consistent 
ith  one  another,  and  give 

A-}-  Bt 

function  of  the  temperature.  On  this  assumption  k  is  nearly 
roportional  to  the  temperature  when  the  temperature  is  small,  but 
t  ver)'  high  temperatures  tends  towards  a  limiting  value  1/5. 

366.  Exercise  5. — Apply  our  equations  to  the  case  of  a  pound 
f  stuff  in  a  lower  state  (solid  or  liquid)  at  volume  $^  changing  to  a 
igher  state  (liquid  or  vapour)  at  volume  s^  at  constant  tompemture 
eceiving  latent  heat  X. 

Since  dff  =  k .dt  ^  I. dt\ 

V  by  Art.  361 ,  =  k.dt-^  ^C^)^'* 


(I'lf 
^  the  stuff  is  present  in  both  status,  -    is  the  same  whether  v  is  con 


dp 

tant  or  not. 

If  t  is  constant, 

dH 


= O' 


PX  is  the  usual  latent  heat. 
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307.  Exercise   6.     Show   from    the   last    result    that  at  ik- 
tneltiDg  point  of  ico,  as  S|  is  greater  thaii  s,,  since  »j  —  s,  is  negatiw, 

O'C,  or  I  =  274.  s,  =  017-17,  s^  =  01602,  p  being  atmosphm 
prt«a8Hn>.  or  2,11B  lbs.  per  square  foot,  and  X  =  79  X  ISll-t-  Shm 
thiit 


~  277,300. 


That  is.  pn.«siit\'  lowers  tho  melting  point  of  ice  at  the  tate  of  131 
atniikspheres  for  one  degree  Centigrade, 

368.  Exercise  7.  The  volume  of  1  lb.  of  wat<-r  at  ST-l"  F 
ia  OfllS  mtbic  feet,  and  Rankine  found  by  the  above  calculation  tbtt 
the  volume  of  I  lb.  of  steam  is  2--17(i  cubic  feet.  Ue  took  Jonlt'd 
equi*-ak>nt  as  772  and  L  =  849  heat  units  (F.)     What  value  mm 

he  have  takv>o  for '  ^  ?    Ansvrr  319. 


CHAPTER    XXXII. 

SUPERHEATED    STEAM. 

369.  RegnaulVs  Total  Heat.  In  steam  engine  calculations 
depend  upon  Regnault's  measurements  for  temperatures  above 
>*  C.  There  are  no  others.  We  may  have  doubt  as  to  whether 
really  used  the  unit  of  heat  which  he  thought  he  used,  but  we 
st  make  the  best  of  what  he  gives  us.  It  is  for  this  reason  that  I 
ploy  the  Regnault  unit  of  heat  throughout  this  book,  and  I  have 
i  frankly  that  my  only  knowledge  of  it  is  that  100*5  of  Regnault's 
its  are  equivalent  to  100  of  those  of  Reynolds,  whose  Joule's 
livalent  (778  in  the  Fahrenheit  scale)  is  1,399  London  foot-pounds. 
jDce  my  Joule  throughout  is  1,393  London  foot-pounds  (or  774  for 
?  Fahrenheit  unit).  My  trouble  begins  when  I  consider  Regnault's 
mlts  below  100°  C,  because  there  have  been  other  experiments 
d  the  results  are  said  to  conflict. 

Our  knowledge  of  H  from  63°  C.  to  88°  C.  is  based  on  twenty- 
ree  obser\'ations  of  Regnault.     Assuming,  as  he  did,  that  there  is 

inear  law  connecting  H  and  6, 1  find  -^  =  0*379,  the  mean  tem- 


W 


nature  being  77''*55  and  the  mean  H  being  6270.     In  fact,  these 
^nty- three  mecisurements  give  me 

H  =  598*61  H-  379  0. 

Regnault's  thirty-eight  measurements  from  99°*27  C.  to  100 '37  C. 
e  a  mean  temperature  99°*88  C.  and  a  mean  value  of  H,  636*67. 

Ifr.  OhriAths   has  found  the  latent  heats  of  steam  572*60  at 

15  C.  and  578*70  at  30  C,  and  I  infer  from  his  paper  that  his 
ues  of  H  are  612*75  and  608*70.     It  is   not  easy  to  say  how 

ought  to  compare  his  unit  (the  heat  for  a  degree  on  the  nitrogen 
'miometer  at  15°  C.)  with  what  I  take  to  be  Regnault's ;  but  I 
i  that  the  above  numbers  agree  with  a  fonnula  which  he  gives 
er,  in  which  he  uses  as  the  value  of  Joule's  equivalent  t/  = 
99  X  10".  Now  the  t/" which  I  use  for  Regnault's  units  com^sponds 
4*165  X  10^  Ergs  (per  gramme  degree  Centigrade).      Hence   I 
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take  it  that  the  values  of  H  given  by  Mr.  Griffiths  need  to  be 
multiplied  by  4199/4165  if  they  are  to  be  compared  with  Regnault's, 
They  are  therefore  617*74  at  40^15  and  613-65  at  30^  C.  mean 
6157  at  35'075  C. 

Between  Griffiths'  mean  and  Regnault  s  627*9  at  77''-55 

Z = ^-^^^^ 

Between  Griffiths'   mean  and  Regnault's  63667  at   99''*27  we 

find    ,^  =  0*327.     The  mean  of  these  values  is  0*307. 
ad 

Now  I  am  aware  that  there  is  more  certainty  as  to  the  measure- 
ments made  by  Mr.  Griffiths,  and  that  the  units  of  the  measurement 
made  by  Regnault  below  100"*  C.  are  not  well  known,  and  his  method 
of  measurement  between  —2°  C.  and  16"*  C.  is  open  to  criticism  ;  but 
it  will  be  seen  by  the  above  that  if  we  are  to  keep  to  Regnanlf  i 
units,  we   cannot  do  better  for  the  present  than  to   keep  to  his 

formula  in  which  --^  is  the  same  for  all  kinds  of  steam,  namely,  '305, 

not  merely  above  100"*  C,  where  we  have  nothing  but  Regnault, 
but  also  below  100°  C,  where  Regnault  cannot  be  regarde<l  as  alto- 
gether inconsistent  with  what  Mr.  Griffiths  himself  gives.  I  may  at 
the  same  time  say  that  although  I  cannot  use  Mr.  Griffiths*  formula* 
between  0'  and  100°  C, 

total  heat  H  =  5J)(>-73  +  '3990  0 
latent  ho/it  /  =  50673  -  06010  0, 

his  suggestion  of  their  use  ciiuses  me  to  feel  that  there  is  in  the 
repetition  of  Regnault's  work  an  excellent  investigation  waiting  to 
be  done  by  some  National  Physical  Laboratory.  Such  an  investiga- 
tion ought  to  include  th(?  determination  of  the  characteristic  law  for 
superheated  steam  and  its  specific  heat. 

370.  Superheated  Steam. — It  will  be  seen  in  Art.  207  and 
elsewhere  that  it  is  very  i!n])ortant  for  us  U>  know  with  some 
accuracy  what  is  the  specific  heat  of  superheated  steam.  Ri'gnault's 
experiments  give  confiicting  results.  Thus  when  at  atmospheric 
pressure  he  c<M>led  steam  at  225'  C.  to  125"^  C\,  the  average  specific 
heat  seenu'd  to  be  0'4S,  a  figure  which  is  v^tv  gen<'rally  taken  to 
be  nearly  correct  under  all  circumstances  and  of  which  great  us** 
is  made;  whereas  when  he  cooled  it  from  124'  C.  to  100  C,  Mr 
Macfarlane  (iray  has  shown  that  the  average  result  was  0878, 
although  ever\'b<Kly  uses  048.  I  cannot  admit  with  Mr.  Gray 
that  we  have  any  right  to  assume  that  we  <»an  calculate  the  specific 
heat  of  any  gas  from  the  atomfc  weight.     See  Art.  351. 
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We  always  assume  that  a  superheated  vapour,  that  is,  a  vapour 
,  higher  temperature  than  that  which  corresponds  to  its  pressure 
the  saturated  or  mixed  condition,  gets  to  be  more  and  more 
rly  like  a  perfect  gas  in  its  p^  v,  t  relations,  the  greater  its  tem- 
iture  and  its  volume.  I  should  be  satisfied  with  this  vague  sort 
knowledge  about  superheated  steam,  if  it  were  not  that  a  more 
ct  knowledge  of  the  p,  v,  t  law  is  necessary  before  we  can  make 
ct  statements  about  the  specific  heat. 

On  certain  assumptions  which  have  no  experimental  foundation, 
n,  Zeuner,  Ritter  and  others  have  obtained  formulae  which  have 
Q  made  to  fit  Him's  experimental  numbers. 
To  find  the  density  of  superheated  steam  Him  weighed  a  vessel 
taining  the  steam.  His  results  are  given  in  Table  IV.  at  the 
of  his  "  Exposition  analytique  et  experimentale  de  la  Th^orie 
^anique  de  la  Chaleur."  I  know  of  no  other  measurements  on 
erheated  steam  except  those  of  Regnault,  who  measured  the 
cific  heat  at  atmospheric  pressure.  I  give  in  Art.  871,  Him*s 
ilts,  converting  u  into  cubic  feet  per  pound. 
On  any  assumption,  if  we  could  obtain  a  simple  empirical  fonimla 
siying  our  facts  it  would  be  valuable,  and  some  of  the  fonnulae 
»n  are  supposed  to  agree,  with  Hims  results  fairly  well.  It 
US  to  have  been  forgotten  by  the  framers  of  these  formulae  and 
those  who  calmly  accept  such  formulae,  that  the  formula  of  a 
feet  gas  must  always  agree  fairly  well  with  the  results,  and  that 
test  of  a  more  correct  formula  is  not  as  to  whether  it  is  nearly 
It  for  u  the  volume,  but  for  v  —  u,  where  v  is  the  volume  of  a 
nd  of  HjO  as  gas  at  the  same  pressure  and  temperature.  Sub- 
ed  to  this  test,  I  find  that  all  the  formuhe  are  as  much  as  IG  per 
t,  wrong;  and  it  is  easy  to  obtain  many  other  simple  formulae 
ch  are  just  as  correct,  but  it  would  be  very  foolish  to  assume 
t  any  one  of  them  is  of  value  from  the  point  of  view  of  thermo- 
lamic  theory. 

From  the  point  of  view  of  thermodynamic  theory  we  should  be 
1  to  obtain  either 

i;  as  a  linear  function  of  t,  when  ^;  is  constant     ...         (1) 

p  as  a  linear  function  of  /,  when  v  is  constant  .     .  (2), 

ause  i%  is  evident  from  (10)  and  (20),  Art.  361,  that  (1)  means 

K  a  function  of  t  only, 
[  (2)  means 

k  a  function  of  t  on  I  v. 

Dr.  Ramsay  asserts  that  for  all  vapours  (2)  is  true ;  and  we  have 
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seen  in  Art.  3(i5  that  this  is  not  inconsistent  with  his  assertion  that 
the  adiabatic  elasticity  is  a  linear  function  of  t  when  v  is  constant. 

(2)  is  certainly  not  in  accordance  with  Him*s  experimental 
results  on  superheated  steam.  To  test  it  I  took  one  of  Himn 
volumes,  27*87  when  t  =  892*2  and  p  =  2116;  for  the  same  volume 
saturated  steam  has  t  =  872*2  and  p  =  2010.     If  (2)  is  true  or 

p  =  ht  +  a, 

where  b  and  a  are  functions  of  volume  only :  then  for  u  =  27*87. 
a  =  37,  6  =  5*30.  Doing  this  for  many  of  Hirn's  observations,  1 
found  that  a  could  not  be  consistently  regarded  as  a  function  of  th«* 
volume.     Thus  I  obtained 

vol.  M      29B3      27  HT      1116      9-*il5       8-362      7723      6*631       6nl0 

I 

a  .")  37  3;^->       -1424      -  JK52     -2390     -  21»9      -  17W) 


h       I     r)(H)        r)3o      1411       19-42       19-tK»     24  75      22*54      2Sr>l 

80  that  a  is  evidently  no  function  of  the  volume. 

It  may  be  imagined  that  if  the  general  rule  (2)  fails  so  seriously, 

the  special  form  of  it  invented  by  Van  der  Waals  will  fail  more  seriously 

still,  and  this  I   have  found  to  be  so.     When  we  try  (1)  above,  we 

obtain  what  seems  to  me  a  better  consistency.     In  trying  (2)  we  had 

only  two  observations  from  which  to  determine  each  a  and  h,  whrrca'- 

in  testing  ( 1 )  we  have  in  some  cases  many  observations :  and  it  may 

he  that  it  is  on  this  account  that  (1)  scorns  more  consistent  than  {'h 

Taking 

if  =  l,f  -\~  a 

where   />  and   a   arc   functi(»ns   of  p  only,    we  obtain   the    follow ini: 
results : — 

/MujitiiM.M.      I  -J}  .s  :\\  4  .*> 

n  !•.**»  Old  l-j.'i  I  "To  o-7<i  o  4.*» 


/.  o«H»s  o-o;{i»<.»  o  OL>."iii  ^tl\V^  o-oiS9  Oiil4S 

In  carrying  out  this  work  it  bt-cainc  evident  that  the  (liserej>ancie> 
in  n  were  lartjclv  <lue  to  Hirn's  crroi*s  of  measurement ;  and  ci,'rtainl\ 

*»        ft  • 

there  i>  no  disproof  of  the'  law  ( 1),  although,  indeed,  we  cannot  Si»\ 
that  there  is  proof  of  it.  I  am  disposed  to  think  that  neither  (1)  noi 
(2)  is  true,  but  that  (1)  is  so  nnich  more  nearly  true  than  (2)  thf^t 
we  may  jissnme  it  true  until  we  get  further  evidence. 
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371.  It  is  on  the  whole  better  to  test  the  discrepance  from 

p/ 

m  i^aaeoiie  law.     The  following  Table  shows  the  values  of u 

P 
»th  for  Him's  results  and  for  saturated  steam  at  the  same  pressure. 

m:  each  pressure  I  have  plotted  v  —  u  (calling      ,  v)  and  tempera- 

ire,  and  it  at  once  becomes  evident  that  we  can  deduce  no  law 
om  Him's  results. 

Hirn's  Experiments. 


p      ' 

atmo*. 

rc. 

Hlran. 

H 

p 
lb.  per  Hq.  ft. 

t 
al>!tol. 

1 
u 
cub.  ft.  per  lb. ; 

Ht/p  -  a 

1 

118-5 

1-74 

2116 

392  2 

27-87 

062 

t9 

141 

1-85 

2116 

414  7 

29-64 

0-49 

♦  » 

148-5 

1-87 

2116 

422-2 

29-95 

0-73 

**     i 

162 

1-93 

2116 

435  7 

30  91 

0-70 

1 

200 

2-08 

2116 

473-7 

33-32 

111 

ft 

205 

2-14 

2116 

478-7 

34-28 

0-50 

11 

246-5 

2-289 

2116 

520-2 

36-66 

1-15 

2-25 

200 

0-92 

4762 

473-7 

14-73 

-57 

3 

200 

0  697 

6349 

473-7 

11-165 

0-315 

3-5 

196 

U-591 

7407 

469-7 

9-466 

-206 

•f 

201 

0-6035 

7407 

474-7 

9-668 

-104 

>t 

225 

0-636 

7407 

498-7 

10188 

0-162 

•, 

246-5 

0-6574 

7407 

520-2 

10-531 

0-269 

4 

165 

0-4822 

8465 

438-7 

7-724 

0-245 

»i 

200 

0-522 

8465 

473-7 

8-362 

0  242 

t« 

225 

0-539 

84^5 

498-7 

8-634 

-423 

*f 

246-5 

-5752 

8465 

519-7 

9-214 

0-227 

5 

160 

-3758 

10582 

433-7 

6-020 

-282 

99 

200 

•4095 

10582 

473-7 

6-558 

324 

*t 

205 

-414 

10582 

478-7 

6-632 

-323 

The  following  values  are  for  the  saturated  condition,  multiplying 
Rankine's  u  by  774/772 : — 


p 

rc. 
100 

p 

lb.  per  sq.  ft. 
•2110 

t 
abmil. 

cwh.  ft.  \)er  1>» 
26-43 

Rt.p  - 

1 

373-7 

(»73 

2i 

124-35 

4762 

3981 

12-33 

0-52 

9 

133-6 

6349 

407-3 

9-43 

0435 

H 

139-23 

7407 

412-9 

8-15 

n-4*22 

4 

144 

846o 

417-7 

7-19 

0-396 

5 

152-3 

10582 

4-26 

5-83 

0-3(> 

In  calculating  v  which  is  Btip,  I  use  t  =  $  -{-  2737,  p  in  ix>unds 
ler  square  foot  and  jB  =  153*8  to  suit  an  atomic  weight  of  oxygen  of 
5'88.  Hence,  v,  p  and  t  are  the  volume  pressure  and  temperature 
tf  HjO  as  a  perfect  gas.  I  had  been  in  hopes  that  v—  u  might  be 
zprctfsed  as  some  simple  function  of  pressure  and  temperature,  or 

«rliAps  that  might  be  so  expressed. 

There  is  no  ground  for  any  such  assumption — a  very  much 

p  p 
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simpler  one  is  all  that  is  warranted  by  the  experiments.     Take  I 
atmosphere 


1  e'C. 


V  -  u 


lOOX. 


73 


US'o    141"    l48"-5     ler     200*     205*    246*5 


•62       49 


3        -70    1  111      0-60      115 


The  mean  of  these  eight  observations  0*75,  is  almost  exactly  the 
value  of  V  —  w  at  saturation. 

We  have  only  single  observations  of  superheated  steam  at  2'25 
and  at  3  atmospheres.  These  conflict  with  one  another  when  we 
compare  them  with  v  —  u  a,t  saturation,  one  showing  an  increase  of 
v— tt  with  temperature,  the  other  a  diminution.  But  in  view  of  the 
great  number  of  results  for  one  atmosphere  which  are  so  obviously 
unreliable,  I  feel  quite  sure  that  we  cannot  build  upon  any  of  these 
results  of  Him. 

At  3*5  atmospheres  Hirn's  own  results  show  no  law,  only  incon- 
sistency. But  they  are  all  lower  than  r  — w  for  saturation.  It  i:> 
only  on  the  assumption,  therefore,  of  the  saturation  value  being 
correct  that  we  get  grounds  for  any  assumption  except  constancy  in 

At  4  atmospheres  we  have  the  following  values : — 


e'C. 


144 


r        u 


':m\ 


i6r> 


20(» 


225 


24«r» 


•24.") 


•242 


•423 


*227 


Nothing  but  taking  a  iiu»an  can  hero  stitisfy  us.  But  Wi»  always 
like  to  give  greater  weight  to  the  saturation  vahie,  and  by  a.ssuining 
it  exactly  right  we  may  if  we  ])lease  sup|)ose  some  fall  in  r  — m  jvs  $ 
increases.  It  is,  however,  unfair  to  draw  anv  conclusion  of  const- 
quenee. 

At  .5  atmospheres  we  have  more  constancy  : — 


e  i\ 


r      u 


1.V2.S 


''M\ 


UK) 


2<N» 


2<^»r» 


•2S2 


•324 


323 


On  the  whole,  therefore,  I  am  disposed  to  siiy  that  the  only 
conclusion  deducible  tV«>in  Hirn's  inconsistent  and  unreliable 
ex})erinients  is  that    there  may  be  such  a  law  as 
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r  the  form  and  value  of/  (p)  from  the  more  accurately  known 
ers  of  Rankine  for  saturated  steam.  I  find  then  that  the 
lation  at  our  command  at  present  gives  for  steam,  whether  in 
.turated  or  superheated  condition, 

n=-^-.(0118+^-p-33^^)     ....     (2) 
e  J?  =  153*8,  t  =  tf**  C.  +  273*7,  p  is  pressure  in  pounds  per  square 

will  now  calculate  u  for  a  few  cases.  Note  that  in  the  super- 
1  cases  I  have  chosen  those  which  are  most  likely  to  be  most  in 
-eement  with  observation. 

Saturated  Steam. 


Accepted 

Nuw  calculated 

Percentage 

9 

12-27 

3398 

« 
3434 

difference 

OX. 

+  1-9 

10 

24-92 

1736 

1751 

-    -8 

•      40 

152-6 

313-6 

3154 

-    -6 

60 

414-3 

122-3 

123-0 

-    -6 

80 

987-6 

54-06 

54-27 

-    -4 

100 

2116-4 

26  43 

26-48 

-    -2 

120 

4152 

14-04 

14-06 

-    -2 

140 

7563 

7-995 

8-007 

-    -7 

160 

12940 

4-827 

4-843 

-    -3 

180 

20990 

3-065 

3-078 

-    -4 

200 

32520 

2i)31 
Superheated  St 

2  035 

EAM. 

-    -2 

ilini's  i< 

141 

2116 

29-64 

29-46 

+  li 

200 

2116 

33  32 

33  74 

-1-3 

205 

2116 

34-28 

34  10 

+    -6 

246*5 

2116 

36-66 

37-08 

-1-6 

200 

4762 

14  73 

14-80 

-    -5 

200 

6349 

11-165 

11-03 

+  1-2 

201 

7407 

9  6H8 

9-44 

+  2-4 

246  5 

8465 

9-214 

906 

+  1-7 

160 

10582 

6-02() 

.•>-96 

+  1-0 

in  easy  to  find  a  better  formula  than  the  alwve,  if  one  wishes  only  to  express 

perties  of  mtumfed  steam.     If  r  =  —as  before,  and  if  Me  plot  log.  (  — - —  I 

.  p  on  squared  |>a]>cr,  the  iK>intH  lie  verj'  closely  in  a  Ftraight  line  frcm 
S8  of  one-fifteenth  of  an  atmosphere  to  fourteen  atmospheres,  and  my  students 
daced  the  law 

Rt 


M  =     -    -  i»113  tp-^'^ 
P 


P  p  2 
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372.  Our  anxiety  on  this  subject  is  not  so  much  to  obtain 
an  empirical  formula,  as  to  find  the  specific  heat  K  of  superheat^ 
steam.  One  use  to  which  we  put  K  is  described  in  Art.  207,  and  it 
evidently  is  of  considerable  pecuniary  importance.  Thus,  when  we 
specify  for  plant  for  an  electric  lighting  station,  we  commonly  say 
'-'  there  must  be  one  electrical  unit  produced  (about  1|  horse-power 
hours)  for  21  lbs.  of  steam  of  165  lbs.  pressure.'*  Now  everything 
depends  upon  the  wetness  of  the  steam  supplied,  for  the  engine 
builder  does  not  usually  supply  the  boiler,  and  the  easy  way  of 
finding  the  wetness  depends  upon  our  being  able  to  use  a  value  of 
K  in  our  calculation.     See  the  other  methods  described  in  Art.  207. 

The  engine  builder  tests  the  engine  at  his  own  works  by  taking 
the  steam  through  a  reducing  valve  from  a  boiler  at  215  lbs.  pressure 
(if  the  cylinder  is  to  be  fed  at  165  or  less),  so  that  he  may  be 
pretty  certain  of  its  dryness.  Indeed,  he  is  not  likely  to  suffer 
because  of  having  wet  steam,  for  he  knows  how  to  object  to  what  he 
considers  an  unfair  test.  I  do  not  know  if  anybody  ever  ksts 
whether  the  steam  taken  through  such  a  reducing  valve  is  not  too 
dry,  superheated  in  fact,  a  test  excessively  easy  to  apply. 

The  Specific  Heat  of  Superheated  Steam.  As  a  matter 
of  fact,   we    may   say   that   Him  s    numbers    do    not    help   us  to 

Rt 

any   better  assumption   than   the   use   of  t*  =  —    in    calculating 

i-Tj)    and  (-/^)  ,   or    the    assumptions    that    both    k   and    A'  are 

functions  of  tcinporature  only. 

In  Art.  868  I  have  found  0*305  to  bo  the  specific  heat  of  super- 
heated steam  at  0°  C,  assuming  Regnault's  results  to  be  correct.  In 
the  same  sort  of  way  we  can  find  what  is  probably  its  specific  heat  in 
other  conditions. 

If  <^  is  the  entropy  of  a  pound  of  dry  saturated  steam  it  will  W 
found  sufficiently  accurate  for  almost  all  purposes  to  take 

This  is  deduced  from  taking  Regnault's  totid  heat  as 

//  =  006-5  -f-  -805^ ;  or 

H  =  528     -f-  -805/  if  /  =  e'  C.  +  2737 

and  assuming  that  the  latent  heat  is 

L  =  if-  0 

so  that  we  assume  the  s{)ecific  heat  of  water  to  be  constant. 
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But  if  we  wish  to  be  more  accurate  ;  if  o-  is  the  specific  heat  of 
rater,  Z  =  jBT  —  lo- . rf^ 

J  278-7 

Now  I  prefer  to  use  the  formula  of  Rankine  for  a ;  it  most 
»robably  agrees  with  Regnault  s  units,  where  J  =  1393  or  774. 
!!onverting  into  Centigrade 

cr  =  1  +  10-«^2  (or  jnore  exactly  1  +  10  "  «(^-4)2) 
From  this  I  find  0,  and  also 


rf^  _  1  _  797      10^-_«  {i  -  278)3 

dt  "  t        t;'^     3     "      r-  •    •    •    ^^ 

for  steam  which  just  keeps  saturated. 

But  in  superheated  steam  whose  characteristic  is 

«  =  f-/ (2) 

where  /  is   some   function  of  pressure   and   temperature,  we   see 
(rom  Art.  361  that 

dH       K  ,,       /rfw^ 


, .       dH       K,.       (du\   J 


or  any  change  of  state.     Now  let  us  suppose  the  superheated  steam 

fin 

o  keep  infinitely  near  to  saturation,  so  that  -^  is  defined.     Then 


d4>  ^^  _  (du\  /dp\  .o\ 

dt         f        \dt)j\dt)^t ^  ^ 

Putting  (3)  and  (1)  equal  to  one  another,  and  neglecting  the 
mall  term,  we  find 

Taking  w  = /  where  /  is  a  function  of  p  only,  l-n)    =  — 


nd  hence 

7M7 


J  P     \dt  I, at 


lias  calculating  we  have  the  following  results. 

The  value  of  K  for  0°  C.  may  no  doubt  be  obtained  from  this 
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formula  if  we  can  find  -~,  but  I  prefer  to  take  it  as  worked  out  in 
Art.  363. 


o*c. 

t 

P 

\dt  Jmt 

K 

0  c. 

•305 

40 

314 

152-6 

8176 

•317 

70 

344 

640-4 

28-03 

•322 

100 

374 

2116-4 

76-62 

•341 

130 

404 

5652 

169-6 

-366 

160 

434 

12940 

330  3 

-385 

190 

464 

26270 

573  8 

-400 

210 

484 

39870 

830 

•464 

There  can  be  no  doubt  that  these  values  for  K  must  be  ver)* 
nearly  correct  near  saturation  if  Regnault's  results  are  right.  If 
we  were  only  sure  that  (1)  of  Art.  370  were  true,  that  is,  that  AT  is 
a  function  of  temperature  only,  we  might  use  the  tabulated  values 
just  given  for  AT,  not  merely  near  saturation,  but  under  all  circum- 
stances. I  have  already  pointed  out  that  Him's  numbers  are  too 
incorrect  to  enable  us  to  make  any  more  exact  assumption  than  (2) 
where  /  sometimes  increased  with  temperature  and  sometimes 
diminished,  but  in  such  an  erratic  way  that  we  might  assume  /  a 
function  of  pressure  only,  just  as  fairly  as  anything  else. 

It  seems  to  me  now  for  the  following  reason  that  this  must  really  be 
the  case  ;  that/  is,  with  some  truth,  merely  a  function  of  the  pressure. 
Regnault's  usually  accepted  value  of  K  or  0*48  is  the  average  value 
between  224°  0.  and  125"^  C.  at  atmo.spheric  pressure;  yet  it  is  not 
verydifTtrent  from  the  average  value  between  the  same  temperatun»s 
of  the  table,  although  the  tabulated  values  are  for  steam  near 
saturation  and  at  very  great  pressures. 

Agjiin,  Mr.  Macfarlane  (iniy  obtained  0*88  iis  the  average — from 
Regnault  s  cxptTimmts — between  100"  C.  and  125°  C,  and  this  is 
not  vorv  different  from  the  tabulated  vahu'. 

Until  some  fY*e8h  experimental  evidence  is  before  us.  I  am 
therefore  dis|)osed  to  accept  the  three  numbers  deduced  fmm  Regnault 
as  being  fairly  correct,  and  to  assume  that  JC  is  a  function  of  the 
temperature.  According  to  this  notion  th(»  specific  heat  of  su|>er- 
heated  steam  is 

K  =  Oa05  +  5-75  X  10-«^2 
where  0  is  the  temperature  Centigrade.     See  Note,  Art  187. 
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a  4-  i0^ 
Mathematical  Exercise  for  Stvdents, — Assume  that  -ST  =  ^   ,—r,M 

Find  a,  h  and  ^,  so  that  K  =  '305  when  ^  =  0,  and  that  the  average 
value  of  K  between  0  =  100  and  ^  =  125  is  0*38,  and  the  average 
value  of  K  between  125  and  225  is  048. 

373.  Exercise.  If  superheated  steam  follows  the  law 

w  =  —  -2-l»-o« 
P 

and  if  iST  is  a  known  function  of  the  temperature,  what  are  the  t,  <f> 
curves  for  constant  pressure  ? 

Answer,  d<l>  =  —  dt  or  <f>  =  I  —dL 

Thus  if  we  take  K=  305  +  575  x  10-«(^  -  274)2 

^  =  -737  log.  2^  +  2-875  x  10  -«  {t^  -  1096  0  +  0-648. 

It  is  to  be  noticed  that  in  Art.  205  I  assumed  that  superheated 
steam  is  a  perfect  gas,  and  furthermore  that  its  specific  heat  K  is 
always  0*48.  To  draw  the  real  t<f>  curves  for  constant  pressure  and 
volume  would  be  more  troublesome,  and  even  when  one  has  studied 
most  carefully  all  the  existing  information,  one  has  no  great  inclina- 
tion to  draw  the  curves  even  on  the  fresh  information  which  I  have 
given.  In  Art.  214  it  will  be  seen  that  we  greatly  need  correct 
figures  to  determine  the  weight  of  superheated  steam  used  per  hour 
per  horse-power. 

374.  Exercise.  Assume  that  for  superheated  steam 

where  jP  is  a  function  of  u  the  volume  onlv :  as  k  is  a  function  of 
temperature  only,  see  (19)  of  Art.  361,  find  it  for  various  tempera- 
tures. 

It  is  easy  to  show,  as  in  the  other  case,  that  under  nearly 
saturated  conditions 

707      a(^^P\  (diC 


^•=>-f-'('l).Q„,  ■■    -0) 

The  following  table  of  the  values  of  -i    at  saturation  has  been 
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calculated   by   Mr.   D.    Baxandall.      The   values 

774 
Rankine's  x  i^,  and  t  is  e""  C.  +  274,  R  is  153-8. 


CHAP.  XIIII 

of    u    given,  are 


rc. 

/ 

u 

V  dt  Jmt 

• 

a- 

20 

294 

937 

-65-25 

•201 

60 

334 

122-3 

-   5-351 

•226 

!()(» 

374 

26-43 

-    0-89 

-258 

144) 

414 

7-995 

-   0-2133 

•293 

180 

454 

3-065 

-  00663 

•327 

210 

484 

1-676 

-   0-0314 

•353 

My  attention  has  recently  been  drawn  to  the  values  of  r,  p  and  t 
given  by  Professors  Ramsay  and  Young  in  the  Fhil,  Tixim.  1892. 
These  are  evidently  much  more  consistent  with  one  another  than 
those  obtained  by  Him,  but  I  find  that  they  would  not  modify  nay 
conclusions  because  of  their  discontinuity  with  the  calculated  satu- 
rated volumes  obtained  by  calculation,  and  it  is  close  to  saturation 
that  I  desire  to  know  the  properties  of  superheated  steam.  Abo 
these  gentlemen  have  not  published  the  Jictual  numbers  obtained 
by  them  in  experiment,  but  only  those  numbers  "  smoothed  "  on  some 
system  which  is  unknown  to  me.  Smoothed  on  another  system 
they  would  probably  be  different. 


CHAPTER   XXXIII. 

HOW  FLUIDS   GIVE   UP   HEAT  AND   MOMENTUM. 

375.  There  are  two  phenomena  which  we  can  understand  only 
through  our  knowledge  of  diffusion  in  fluids  : — 

I.  When  a  portion  of  a  fluid  has  a  greater  temperature  than  the 
rest ;  how  the  temperature  is  equalised,  that  is,  how  it  shares  the 
average  kinetic  energy  of  its  molecules  with  other  portions  of  the 
fluid,  and  how  it  gives  it  up  to  the  molecules  of  a  solid  body  which 
it  touches. 

II.  When  a  portion  of  fluid  has,  besides  its  molecular  motion  of 
agitation  which  is  the  same  in  all  directions,  a  motion  of  its  centre  of 
gravity  relatively  to  the  rest  of  the  fluid ;  that  is,  it  has  on  the 
iKrhole  momentum  in  a  particular  direction ;  how  it  shares  this 
momentnin  with  the  rest  of  the  fluid,  and  especially  how  it  gives 
up  momentum  to  the  molecules  of  a  solid  body  which  it  touches. 

I  take  it  that  these  cases  are  identical,  that  the  equalisation 
is  by  diffusion  ;  that  it  proceeds  very  slowly  indeed,  at  a  rate  which 
may  be  judged  of  in  the  following  way : — 

Its  rate  in  toater, — Get  a  large  glass  vessel  of  clear  water ;  at  a 
point  A  let  there  be  the  end  of  a  Hxed  tube,  by  means  uf  which,  with 
very  little  commotion,  we  may  colour  a  small  region  in  the  water. 
If  the  water  has  no  currents  in  it,  at  what  rate  will  the  coloured 
particles  diffuse  from  A  through  the  whole  mass  ?  To  be  quite  sure 
of  freedom  from  currents,  it  is  best  to  use  a  long,  thin,  vertical  tube 
as  our  vessel.  The  diffusion  is  exceedingly  slow  compared  with  such 
equalisations  of  colour  density  as  we  are  accustomed  to  in  masses 

of  water. 

The  molecular  theorj'  tells  us  what  this  rate*  is  in  gases.  It  is 
really  slow,  but  it  is  practically  impossible  to  test  the  theory  by 
experimentally  colouring  some  of  the  gas  in  a  vessel. 

But  when  there  is  such  a  motion  that  a  portion  of  fluid  A  gets 
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sandwiched  out  between  other  portions  JS,  so  that  parts  of  A  are 
everywhere  close  to  parts  of  B,  there  is  no  change  in  the  actual  rate 
of  molecular  diffusion  anywhere,  but  the  diffusion  is  between  the 
neighbouring  parts  of  A  and  parts  of  B,  and  of  course  there  is  a 
rapid  equalisation  of  properties. 

If  the  peculiar  property  of  A  is  colour,  colour  is  equalised. 

If  the  property  of  A  is  higher  temperature,  then  temperature  is 
equalised. 

But  in  any  case  the  mixing  would  be  exceedingly  slow  except  for 
the  agency  of  unstable  stream  line  motion  which  causes  portions 
moving  with  very  different  velocities  to  become  sandwiched,  that  is 
to  come  n^ar  together,  so  that  diffusion  may  produce  large  effect*. 
Now  the  rapid  mixing  cannot  occur  unless  there  are  sandwiched 
streams,  and  diffusion  is  constantly  equalising  the  velocities  of  the 
stream  lines,  and  this  is  what  we  call  friction ;  hence  these  three 
things  seem  to  go  together : — 

1.  Actual  mixing  of  portions  of  the  fluid. 

2.  Equalisation  of  temperature. 
8.  Friction. 

376.  In  my  1873  edition  I  pointed  out  the  importance  of 
artificial  obstructions  in  the  flues  of  boilers,  and  when  speaking 
to  students  I  have  persistently  dwelt  since  then  upon  the  apparent 
fact  that  anything  which  increases  the  friction  of  flue  gases  against 
the  metal  surface  increases  the  rate  of  tmnsmission  of  heat,  but  I 
must  confess  that  I  had  no  exact  notions  on  the  subject  until,  in 
1897,  Mr.  Stanton,  a  pupil  of  Professor  Osborne  Reynolds,  read  the 
abstraet  of  a  paper  before  the  Royal  Society,  published  later  in  full* 
in  the  Philosophical  Transactions. 

He  foreed  water  at  two  different  tenipenitures  thri">ugh  two 
concentric  pipes,  one  surrounding  the  other,  and  showtnl  that  at 
quite  different  speeds  the  change  of  temperature  produced  in  a 
given  length  of  pipe  was  pretty  much  the  same  :  that  is.  that  twice 
as  much  heat  passed  when  the  speeds  were  twice  as  gi^eat.  I  at  once 
put  the  matter  in  the  following  shape.  My  theory  is  ver}*  incom- 
plete, but  it  is  not  at  all  bad  to  think  about,  and  I  think  that  it 
cannot  differ  greatly  from  that  of  Reynolds,  which,  to  my  great 
astonishment,  1  read  a  little  about  to-day  [April,  181)8]  ft»r  the 
first  time,  in  a  short   but  most  suggestive  paper  published  in  1874 

before  the  Manchester  LittTarv  and  Philosophical  Societv.     I  found 

»  I  » 

it    referred    to   in    the    paper   of  Mr.    Stanton,   and  I  think  that  I 
may  have   h(»anl  of  it  before  but  mixed  it  up  with  a  much  more 
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laborate  mathematical  paper  by  Professor  Reynolds  (Phil.  Trans., 
894).i 

I  feel  that  to  publish  this  old  and  neglected  paper  here  will  be 
loing  a  service  to  all  students,  and  I  have  asked  for  permission  to 
publish  it  as  an  appendix.  At  the  same  time  I  think  that  the 
ollowing  rough  theory,  which  I  worked  out  after  hearing  Mr. 
Stanton  s  paper,  will  be  welcome. 

377.  When  fluid  is  in  motion  fllling  a  pipe  we  know  that 
here  is  a  thin  film  or  layer  of  fluid  entangled  among  the  mole- 
:ules  of  the  solid  surface  which  is  at  rest,  that  is,  it  has  no 
iverage  velocity  relatively  to  the  solid.  Let  us  consider  how  heat 
jets  into  this  film  from  the  moving  fluid.  It  is  difficult  to  say 
rhether  one  ought  or  ought  not  to  take  entrance  of  heat  to  this 
ayer  of  motionless  fluid  as  entmnce  to  the  metal  itself.  There  is 
equalisation  of  the  momentum,  and  there  may  be  equalisation  of  the 
emperature. 

Now  suppose  n  molecules  per  second  to  enter  this  layer  and  the 
ame  number  to  leave  it ;  each  of  them  enters  with  an  average  kinetic 
energy  proportional  to  t  the  average  temperature  (absolute)  in  the 
ripe,  and  leaves  with  t^  the  temperature  of  the  layer,  and  an  average 
Qomentum  in  the  axial  direction  proportional  to  v  if  v  is  the  average 
ixial  velocity  in  the  pipe.  There  is  a  want  of  exactness  in  my 
lefinition  of  these  averages,  which  is,  I  think,  the  only  weakness  in 
his  investigation.  Now  axially  directed  momentum  given  to  the 
ayer  per  second  is  what  we  mean  by  force  of  friction  F. 

So  that  per  unit  area  F  ccnv       .     .     .     .     (1) 

ind  the  heat  H  or  kinetic  energy  per  second  per  unit  area 

Hozn{t^t^) (2) 

Jence  H  oz  F{t-t^)!v (3) 

Of  course  when  v  is  0  we  cannot  use  (1)  in  (2)  to  find  (3),  but  we 
ihall  only  use  our  equations  in  cases  where  v  has  some  value. 

In  the  standard  books  on  friction  of  fluids  in  pipes,  the  law  is 
fiven 

Fccwv'       (4) 

vhere  w  is  the  weight   of  the  fluid  per  unit  volume,  and  v  is  the 

*  I  believe  that  when  I  study  the  1894  paper  and  other  papers  of  I^rofeasor 
i^jnolcU,  I  shall  write  on  this  and  many  other  subjects  with  certainty  and  clear- 
itiiy  but  I  have  not  yet  found  the  necessary  time.  I  know  that  the  Manchester 
bndoiits  have  clear  and  correct  notions  on  many  subjects  about  which  other  students 
W9  i^Donuit. 
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average  axial  velocity  in  the  channel.  I  am  informed  by  Prof.  0. 
Reynolds  that  the  results  of  his  1883  paper  in  the  Philoaaphical 
Transactions  are  applicable  to  gases,  and  taking  his  index  there  as  2 
we  have  the  same  formula?  as  (4) ,  (3)  and  (4)  give  us 

JSr=cvw{t-fi) (5) 

where  c'  is  a  constant.  If  instead  of  the  conductivity  of  the  layer  or 
film  at  the  surface  being  infinitely  great,  one  side  of  the  film  is  at 
i"  and  the  other  at  t\  and  if  b  is  its  thickness  and  k  its  conductivity 
for  heat,  we  get  the  equivalent  of  (5)  from 


this  gives 


(^'-r)^  =  c'm</-^') 


ffa:''''^''^ (6) 

1  +  cvrvy 
A' 


We  see  therefore  that  in  using,  as  wo  shall  do,  (5)  instead  of  the 
more  correct  (G)  we  shall  be  assuming  c  a  constant,  whereas  it  really 

depends  upon  the  value  of  irv  j.     It  is  possible  that  b  diminishes  as 

V  increases,  so  that  W>  may  be  nearly  constant ;  but  w  is  inversely  a» 
the  absolute  temperature  and  k  is  probably  proportional  to  the  square 
of  the  absoluti>  temperature.  We  shall  proceed,  therefore,  using  (5) 
and  assuming  c  to  be  constant,  but  in  the  applications  of  our  results 
we  shall  reiiK'niluT  that  c'  increases  as  the  temperature  increases. 

We  shall  say  then  that  the  heat  resistance  per  unit  area  betweou 
a  fluid  and  u  metal  plate  is  inversely  pnjportional  to  im\ 

378.  Let  us  consider  two  channels  conveying  fluids  to  W 
separated  by  a  metal  plate  and  to  be  conveying  JV  and  Jl\  lb.  t>f 
fluid  }>er  second,  of  weights  ic  and  v:.^  lb.  per  unit  volume;  the 
cross  sections  being  A  and  A,^:  the  lengths  of  the  jK^rimeters  ut 
these  cross  sect i( jus  which  are  in  the  metal  plate  are  P  and  I\. 
The  velocities  being  r  and  r,^  and  the  average   temjK*ratures  t  an<i 

T,  7VC  =  ly  A,  ii\j\,  =  jr.  A.,. 

I  shall  therefore  use  as  the  three  resistances  per  unit  area, 

/•  /• 

,  i/.,  and      •* 

where  i\  11. ,  and  r.^  are  constants,  li,  being  the  thickness  divided  by 
the  (ronductivitv  of  the  metal,  or 

1  A 

r  j^„7i\,  and  r.,^^;^ 
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Hence,  per  unit  area,  the  heat  per  second  passing  through  is 

^=-34-'-  -A ^'^ 

r-f^r  +  ^i  +  ^a  f^^ 
IF 

or  ^ "     ~"  p"*'"'' ""^Vjf  ■     ■     ^"^ 

I  shall  take  it  that  the  two  fluids  move  in  opposite  directions 
and  as  if  in  concentric  pipes,  and  write  (1)  in  the  short  form 

S  =  c{t-T) (1) 

At  a  distance  x  from  one  end  of  the  wall  in  the  direction  of  motion 
of  the  hotter  fluid  if  we  take  F  as  the  common  touched  perimeter, 
the  one  fluid  gives  up  and  the  other  receives  at  the  elementary  area 
P.&c  the  heat  P.&c.c(^— T)  per  second,  and  in  the  same  time  we 
have  the  loss  -  WK,  dt  and  the  gain  -  W^K^ .  dT. 

-•  WKdt  =  P.dx.c(t-T)=  ^  W^.K^.dT    .     (2) 

WK 
Hence  T  =    ...  ^  t  +  constant 


and 


'-'-{'-^)'-^ 


When  x  =  o,t  =  t^,T  =  T^ 

r-T  -  -^1 1 

Now  (2)  tells  us  that  ^  =  "  7^  (' "  ^ 


^*  w(^  -  wx)  ^  "''""''  "' 


1_      ^^  ^^     '^3^3-  »»^J^ 


H^.AT 
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then      -T-  =  —  a(^  —  b) 

log.  (t  —  b)  =  —  ax  +  const. 
Now  t  =  t^  when  x  =  o  so  that 

t  =  b  +  (t^^  J>-«* (4) 

Let  the  efficiency  £  be  defined  as  j-^—nf 

379.  Approximation.  Let  us  assume  that  Tj  =  T^  =  T.    This 
is  nearly  true  in  boilers.     Then  as 

log.(^-r)=  -WK^ 


-^. 


J?=i— 2^1   _   ^    -IPX'' 

The  efficiency  depends  therefore  upon  the  value  of 

Pel  PljKA 

WK  ''^  W  A^   W 

or  neglecting  the  term  in  r,,  and  leaving  out  A",  the  efficiency  dej)ends 
upon 

^   •   V  7^  ^  ^  /F,   ^   7V 

If -p  and  ^-jf  he  called  7/i  and  m^,  the  hydraulic  mean  depths,  we  see 
that  the  efficiency  depends  upon 

W 

Tile  trnn  r,,)n..-.,     irrts  less  as  there  is  better  and  better  eircula- 
.;     .4JJ       h 

tion  of  water:  it  is,  in  fact,  inversely  proportional  to  the  vehxMtv  of 
tht»  water  elose  io  the  metal.  It  is  to  be  noticed  that  this  rapid 
circulation   of  the  water  is  as   necessary  for  efficiency  as  the  rapid 
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circulation  of  the  gases  in  the  flue.  Neglecting  this  term,  or  assuming 
that  the  water  circulates  so  fast  as  to  keep  the  metal  practically  at 
the  temperature  of  the  water,  the  eflSciency  would  depend  only  upon 
liifi,  the  length  of  the  flue  divided  by  its  hydraulic  mean  depth, 
and  would  be  practically  independent  of  the  quantity  of  gases  flowing, 
being  £  =  1  — e"*"**  where  c  is  a  constant.  The  following  expression 
nill  be  found  to  be  practically  the  same  as  this,  and  it  is  easier  to 
deal  with ; 

E  =  1/(1  +  cm  II) 

where  c  is  a  constant.  Indeed,  in  a  well  constructed  boiler  the 
mere  area  of  the  heating  surfkce  ought  to  be  of  but  slight 
importance.  If  in  any  class  of  boiler  the  eflSciency  depends  upon 
mere  area  of  heating  surface,  we  have  a  proof  of  bad  circulation  of 
the  water ;  a  proof  that  the  carrying  off  of  heat  by  the  water  from 
the  metal  has  not  been  attended  to.  It  seems  to  me  that  when  a 
good  scrubbing  action  is  established  on  both  sides  of  the  metal, 
there  ought  to  be  at  least  ten  times,  and  may  be  more  than  100 
times  as  rapid  an  evaporation  per  square  foot  of  heating  surface  as 
has  yet  been  obtained  in  any  boiler.  In  existing  boilers  the  resist- 
ance of  the  metal  itself  is  insignificant,  as  the  following  exercises 
will  show.  As  better  and  better  circulation  is  provided  on  both 
sides  of  the  metal,  it  seems  to  me  that  the  total  resistance  must 
approximate  more  and  more  to  that  of  the  metal  itself.^ 

380.  Heat  Resistance  of  a  Metal  Plate. — The  following 
exercises  illustrate  the  insignificance  of  the  metal  plate  resistance  to 
the  passage  of  heat  in  existing  boiler  flues  and  surface  condensers. 


^  The  above  investigation  shows  that  the  foUowriaff  simple  'wwlj  of  putting  the 
whole  matter  is  legitimate  within  certain  limits  of  velocity,  &c. 

Assume  the  temperature  T  of  the  water  to  l>e  constant.  Let  I  -  T  he  called  a, 
t  being  the  absolute  temperature  of  the  gases  at  the  distance  x  from  tiie  furnace  end 
of  a  tube  of  total  length  /  and  diameter  d.  Let  fTlb.  of  gases  flow  through  the  tube 
per  second,  the  specific  heat  being  constant. 

Take  our  law  as  given  in  (5),  Art.  377,  to  be  that  the  loss  of  heat  per  secon<l  per 
unit  area  of  tube  is  proportional  to 

i-ejt  or  lf>V/2 
where  r  is  the  velocity,  for  v  is  proportional  lo  •  Wt/tl-.    Hence  in  the  short  length  8j* 

wliere  c  is  a  constant.     Solving  thin  and  taking  9  =  tf,  at  the  furnace  end  and  $  =  $., 
It  the  smoke  box  entl,  we  have 

0  =  (^,e-"/''  and  $^=  tfjC"^  ** 

ind  tkm  •flcisncjr  is 
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In  CGS  units ;  the  heat  (in  gramme  of  water  degree  units)  Q 
which  flows  in  t  seconds  between  two  parallel  surfieu^es,  A  square  cm. 
in  area  x  cm.-  apart,  the  temperature  diflference  being  d  is 

X 

Where  k  is  the  conductivity  of  the  material,  k  is  probably  pro- 
portional to  the  absolute  temperature  of  metals.  In  the  following 
table  I  give  the  Conductivities  which  are  assumed  to  be  correct  in 
academic  problems.  Only  the  iron  and  trachyte  are  probably  nearly 
correct,  k^  is  A:-i-454. 

Stibstatieo.  Conductivity.  k^  of  fonuiila. 


Steel 06    to  1       1-4x10-*  to    2-2x10-* 

Iron -160  to  2      3-5x10-*  to    4-4+10"* 

Copper 1  108  to  0-7    24     x  10"*  to  15     x  10"* 

Brass 02      to  -3      44x10"*  to    6-6x10-* 

Trachyte 006  1  '3  x  10"* 

Fire-brick -0017  3-7xlO-« 

Plate  glass 002  4-4xlO-< 

Oak (K)06  l-3xlO-« 


Mr.  Callendar's  latest  numbers  are  k  =11  for  iron,  '12  for  steel. 

Now  our  unit  of  heat  is  in  pound  of  water  degree  units  and 
therefore  if  Q^  is  in  these  units;  ii  A  is  area  in  square  cm.,  x  thick- 
ness in  cm.,  and  k^  is  the  number  in  the  table ;  then  we  have 

gi  =  --kHe 

If  ^  is  in  Fahrenheit  or  Centigrade  degrees,  Q^  is  in  Fahrenheit  or 
Centignule  pound  of  water  units. 

I  often  call  X  -f  Ak^  the  heat  resistaiue  R  of  the  metal  and  then 

Q^  per  second  =  d  -t-  E 

ExEiU'isE.  Find  the  resistance  in  our  units  of  a  copper  plate 
1  foot  scjuare  i  inch  thiek. 

Atisurr.  As  ./:  is  A  inch  or  1*27  cm.,  and  as  A  is  1  square  foot  or 
929  s(|uare  cm.,  if  we  take  A*^  from  the  table  as  24  x  10*  for  copper 
R  =  1-27  ~  (929  X  24  x  10-4)  =  0-57. 

ExKUcisE.  If  ir)4  centigrade  pound  units  of  heat  pass  through 
the  above  stjuare  foot  of  copper  per  second,  what  must  be  the  actual 
temperature  dit!'erence  0  in  the  metal  f 

Q 

Heat  per  second  =  -^  so  that  ^  =  r54  X  057  =  0*88  Centigrade 
degrees. 


t  HOW  FLUIDS  GIVE  UP  HEAT  AND  MOMENTUM   595 

XERCISE.  Probably  no  boiler  produces  more  than  9  lbs.  of  stean^ 

our  per  square  foot  of  metal.     Take  a  plate  of  copper  J  inch 

.     Take  the  average  temperature  diflFerence  between  gases  and 

•  as  750  Centigrade  degrees.     Take  the  heat  per  lb.  of  steam  as 

inits,  what  is  the  total  heat  resistance  per  square  foot  ? 

9  X  620 
nsiver.  750  divided  by  ^ — ^,  or  by  154  units  per  second,  gives 

stance  487  in  foot  second  pound  of  water  units. 

ow  we  saw  that  a  plate  of  copper  1  square  foot  (929  square  cm.) 

ja,  I  inch  (1*27  cm.)  thick,  has  a  resistance  of  only  0*57.  Hence 

total  resistance  is  nearly  1,000  times  that  of  the  plate  itself; 

3t  the  plate  resistance  may  be  neglected  in  comparison  with  the 

resistance  even  in  boilers  in  v/hich  the  skin  resistances  are 

>tionally  small.     The  actual  thickness  of  the  metal  is  obviously 

ry  small  importance  therefore  in  flues. 

XERCISE.    If  we  have  2  square  feet  oi  surface  in  a  surfoce 

enser  per  indicated  horse-power,  and  if  this  means  the  con- 

.tion  of  15*4  lbs.  of  steam  per  hour  per  indicated  horse-power, 

mperature  being  135°  F.,  the  temperature  of  the  water  being 

*. ;  what  is  the  total  heat  resistance  ?     The  tubes  are  of  brass 

of  an  inch  thick ;  compare  the  resistance  of  the  metal  with  the 

J.     Take  it  that  1  lb.  of  steam  gives  out  950  Fahr.  pound  units 

idensing.^ 

nsiver.  The  heat  per  second  per  square  foot  is  15*4  x  950  -=- 

)0  X  60,  or  203  Fahr.  units.     Total  resistance  per  square  foot 

•fiice  =  — ^^;zr^ —  or  32.     The  resistance  of  a  square  foot  (929 

e  cm.),  ^th  of  an  inch  (127  cm.)  thick  is,  taking  A-^  =  5  x 
from  the  table. 

•127  -r  (929  X  5  X  10-*)  or  0273 

it  the  whole  resistance  is  118  times  that  of  the  metal  itself 

[r.  Callendar  has  recently  obtained  condensation  at  the  rate  of  1  -07  Fahr.  heat 
per  second  per  square  foot  of  metal  per  degree  difference  of  temperature 
tn  steam  and  metal,  or,  for  an  actual  temperature  difference  of  22  degrees 
he  had  89  lbs.  per  hour  per  square  foot.  This  would  mean  that  1  square  foot 
suffice  for  about  6  horse-power.  I  believe  that  with  steam  more  and  more 
3in  air  he  would  have  obtained  better  and  better  results.  We  have  no  right 
ime  that  the  rapidity  is  proportional  to  temperature  difference  between  water 
mm  ;  bat  if  we  might  do  so  we  should  find  more  than  22  times  the  above  rate 
MnuBsion,  and  the  whole  heat  resistance  would  only  be  5  times  that  of  the 
This  gives  one  of  the  best  illustrations  of  what  a  vr«at  ImproTaiaaBt  will 
stod  la  eoBd«BS«rB  when  the  water  is  driven  throagh  very  fine  tubes  at  great 

r- 
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Exercise.  An  oak  board  1  inch  thick  touched  a  plate  of  iron  all 

over  one  face ;  its  other  face  was  exposed  to  the  atmosphere  of  a  room 

in  which  the  temperature  was  80**  F.   There  was  steam  at  SOO"*  F. 

underneath  the  iron  plate.     The  heat  coming  through  into  the  room 

per  square  foot  of  surface  was  found  to  be  300  Fahr.  units  per  hoar, 

compare  the  resistance  of  the  oak  itself  with  the  whole  resistance. 

300—80 
The  heat  is  300  -^  (60  x  60)  or  0835  units  per  second     .,^^- 

or  2640  is  the  resistance. 

Now  the  resistance  of  1  square  foot  of  oak  I''  thick  is  2*54  -r  (929 
X  1*3  X  10"®)  or  2100,  so  that  the  oak  resistance  is  80  per  cent  of 
the  whole.  I  am  afraid,  however,  that  neither  the  number  in  the 
table  nor  the  above  number  can  be  relied  upon,  and  this  exercise 
creates  a  quite  wrong  notion  of  the  accuracy  of  X;  as  given  in  the 
table. 


Appendix. 

Reprinted  from  the  Proceedings  of  the  Ldterary  and  Philosophical  Society  of 

Manchester  f  1874. 

'*  On  the  Extent  and  Action  of  the  Heating  Surface  for  Steam  Boilers,"  ^f 
Professor  Oslwme  Pteynolds,  M.A.  ] 

The  rapidity  with  which  heat  will  pass  from  one  fluid  to  another  through  so 
ntervening  plat«  of  metal  is  a  matter  of  such  practical  importance  that  I  nee«i 
not  a|)ologiHc  for  intrfMliuring  it  here.     neRi<leH  its  practical  vahie  it  also  forms  s 
Hu))jcct  of  very  great  philoH«)phical  interest,  being  intimately  connected  with,  if 
it  <loeH  not  form  |Mirt  of,  molecular  philosophy. 

In  a<ldition  to  the  great  amount  of  em[»irical  and  practical  knowlt»<lge  whi<'h 
has  been  a('<|uire<l  from  steam-lK)ilers,  the  transmissinu  of  heat  has  l»t»en  \uiu\r 
the  subject  of  direct  incjuiry  by  Xewton,  Dulong  and  Petit,  l\H.'let,  Joub*.  i»n«l 
Kankine,  and  coiiHiderable  eflortH  have  l>een  made  tore<luce  it  to  a  system.  But 
as  yet  tlie  advance  in  this  direction  has  not  been  very  great  :  an«l  the  di« 
crepancy  in  the  residts  cf  the  various  experiments  is  sut^h  that  one  cannot  a\.»nl 
the  conclusion  that  the  circumstances  of  the  problem  have  not  l*een  all  taken 
into  account. 

Xewton  a}»pears  to  have  assumed  that  the  rate  at  which  heat  is  transmitteii 
from  a  surface  to  a  gas  an<l  rire  r*rf*/i  inrtft  rif<  //aWiW/* directly  projwrtional  to  the 
<lifferen<'c  in  temiRTature  between  the  surface  and  the  gas,  whereas  Ihdfmt;  au«l 
Petit,  followed  by  IVclet,  came  to  the  <'onclusion  from  their  experiments  that  it 
followed  altogether  a  ditlerent  law.' 

These  philosophers  do  not  seem  to  have  advance*!  any  theoretical  n^ajioh* 
for  the  law  which  they  have  taken,  but  have  de<luced  it  entirely  from  their 
•expt'riments,  *•  ii  chercher  jwir  tatonnement  la  loi  <|ue  suivent  ces  resultats."  - 


»   TniiUdt  la  Chaltur,  Peclet,  Vol.  I.,  p.  365. 
'  Ih,    p.  303. 


ixin  HOW  FLUIDS  GIVE  UP  HEAT  AND  MOMENTUM   595 

In  reducing  these  results,  however,  so  many  things  had  to  be  taken  into 
account  and  so  many  assumptions  have  been  made  that  it  can  hardly  be  a  matter  of 
surprise  if  they  have  been  misled.  And  there  is  one  assumption  which  upon  the 
£aoe  of  it  seems  to  be  contrary  to  general  experience,  this  is,  that  the  quantity  o^ 
heat  imparted  by  a  given  extent  of  surface  to  the  adjacent  fluid  is  independent  of 
the  motion  of  that  fluid  or  of  the  nature  of  the  surface ;  ^  whereas  the  cooling  effect 
of  a  wind  compared  with  still  air  is  so  evident  that  it  must  cast  doubt  upon  the 
truth  of  any  hypothesis  which  does  not  take  it  into  account. 

In  this  paper  I  approach  the  problem  in  another  manner  from  that  in  which 
it  has  been  approached  before.  Starting  with  the  laws  recently  discovered  of 
the^nternal  diffusion  of  fluids  I  have  endeavoured  to  deduce  from  theoretical 
considerations  the  laws  for  the  transmission  of  heat,  and  then  verify  these  laws 
by  experiment.  In  the  latter  respect  I  can  only  offer  a  few  preliminary  results  ; 
which,  however,  seem  to  agree  so  well  with  general  experience,  as  to  warrant  a 
further  investigation  of  the  subject,  to  promote  w^hich  is  my  object  in  bringing 
it  forward  in  the  present  incomplete  form. 

The  heat  carried  off  by  air  or  any  fluid  from  a  surface,  apart  from  the  effect 
of  radiation,  is  proportional  to  the  internal  diffusion  of  the  fluid  at  and  near  the 
surface,  i.e.,  is  proportional  to  the  rate  at  which  particles  or  molecules  pass 
backwards  and  forwards  from  the  surface  to  any  given  depth  within  the  fluid, 
thus,  if  ^  i?  be  the  surface  and  ah  an  ideal  line  in  the  fluid  parallel  to  ^  ^,  then 
the  heat  carried  off  from  the  surface  in  a  given  time  will  be  proportional  to  the 
number*of  molecules  which  in  that  time  pass  from  a/>  to  AB — that  is  for  a  given 
difference  of  temperature  between  the  fluid  and  the  surface. 

This  assumption  is  fundamental  to  what  I  have  to  say,  and  is  based  on  the 
molecular  theory'  of  fluids. 

Now  the  rate  of  this  diffusion  has  been  shown  from  various  considerations 
to  depend  on  two  things  : — 

1.  The  natural  internal  diffusion  of  the  fluid  when  at  rest. 

2.  The  eddies  caused  by  visible  motion  which  mixes  the  fluid  up  and  con- 
tinually brings  fresh  particles  into  contact  with  the  surface. 

The  first  of  these  causes  is  independent  of  the  velocity  of  the  fluid,  if  it  be 
a  gas  is  independent  of  its  density,  so  tliat  it  may  be  said  to  depend  only  on  the 
nature  of  the  fluid.  - 

The  second  cause,  the  effect  of  eddiej*,  arises  entirely  from  the  motion  of 
the'^fluid,  and  is  proportional  both  to  the  density  uf  the  fluid,  if  gu»,  and  the 
velocity  with  which  it  flows  past  the  surface. 

The  combined  effect  of  these  two  causes  may  be  expiessed  in  a  formula  as 
follows  : 

H=At  +  Bpct,  (I) 

where  /  is  the  difference  of  temperature  Wtween  the  surface  and  tlie  flui<l,  p  is 
the  density  of  the  fluid,  r  its  velocity,  and  A  and  H  couHtants  defR'uding  on  the 
nature  of.  the  fluid,  H  being  the  heat  transmitted  ]>er  unit  of  surface  of  the 
surface  in  a  unit  of  time. 

If  therefore  a  fluid  were  forced  along  a  fixed  length  of  pipe  which  was 
maintained  at  a  uniform  temperature  greater  or  less  than  the  initial  temperature 
of  the  gas  we  should  expect  the  following  results. 

1.  Starting  with  a  velocity  zero,  the  gas  would  then  ac4)uire  the  same 
temperature  as  the  tul>e.  2.  As  the  velocity  increased  the  temperature  at  which 
the  gas  would  emerge  would  gradually  diminish,  rapidly  at  first,  but   in  a 


»  TraitifUla  ChaUur,  Pticlet,  Vol.  I.,  p.  383. 
Mazweirs  Theory  qf  fitat,  chap.  xix. 
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decreasing  ratio  until  it  would  )>econie  sensibly  constant  and  independent  of  the 
velocity.  The  velocity  after  which  the  temperature  of  the  emerging  gas  would 
be  sensibly  constant  can  only  lie  found  for  each  particular  gas  by  experiment : 
but  it  would  seem  reasonable  to  suppose  that  it  would  be  the  same  as  that  it 
which  the  resistance  offered  by  friction  to  the  motion  of  the  fluid  would  be 
sensibly  proportional  to  the  square  of  the  velocity.  It  having  been  found  both 
theoretically  and  by  experiment  that  this  resistance  is  connected  with  the 
diffusion  of  the  gas  by  a  formula  : 

If  =  .Vv  +  B^pi^  (II) 

And  various  considerations  lead  to  the  supposition  that  A  and  i?  in  (1)  tre 
proportional  to  -.4*  an«l  B^  in  (II).     The  value  of  v  which  this  gives  is  very, 
small,  and  hence  it  follows  that  for  considerable  velocities  the  gas  should 
emerge  from  the  tube  at  a  nearly  constant  temperature  whatever  may  be  its 
velocity. 

This,  as  I  am  about  to  point  out,  is  in  accordance  with  what  has  l)cen 
observed  in  tubular  l)oiler8  as  well  as  in  more  definite  experiments. 

In  the  locomotive  the  length  of  the  boiler  is  limited  by  the  length  of  toW 
necessary  to  cool  the  air  from  the  fire  down  to  a  certain  temperature  say  5im>*. 
Now  there  doeK  not  seem  to  be  any  general  rule  in  practice  for  determining  thif 
length,  the  length  varying  from  16  ft.  to  as  little  as  6,  but  whatever  the  pmpor- 
tioiis  may  l)e  each  engine  furnishes  a  means  of  comparing  the  efliciency  of  the 
tul>cs  for  high  and  low  velocities  of  the  air  through  them.  It  has  lieen  a  mstter 
of  surprise  how  completely  the  steam-producing  power  of  a  boiler  appears  to  ri^: 
with  the  Htrengtli  of  blast  or  the  work  required  from  it.  And  as  the  boilers  an; 
as  economical  when  working  with  a  high  blast  as  with  a  low,  the  air  going  up 
the  chinmey  cannot  have  a  much  higher  temperature  in  the  one  case  than  in  the 
other.  That  it  should  be  somewhat  higher  is  strictly  in  accordance  with  the 
theory  as  stated  alK)vc. 

It  nuiHt,  however,  Imj  notice<l  that  the  foregoing  conclusion  is  l>ased  on  the 
assumption  that  the  surface  of  the  tul)e  is  kept  at  the  same  constant  temi>eni- 
turc,  a  coiKlition  whic.'h  it  is  easy  to  see  can  hardly  Iw  fulfilled  in  practirt*. 

TIr*  nu'tliod  by  which  this  is  usually  attenij)te<l  is  by  surrounding  the  lu^*** 
on  the  outside  with  some  fluid  the  temperature  of  which  is  kept  ('(mstant  hy 
some  natural  iiH>ans,  such  as  boiling  or  freezing,  for  instance  the  lul>e  i-* 
surrounded  with  boiling  water.  Now  although  it  may  be  possible  to  kwp  th»* 
water  at  a  constant  temperature  it  does  not  at  all  follow  that  the  tuln*  will  l«f 
kept  at  tlx'  same  temperature  ;  but  <m  the  other  hand,  since  heat  has  to  {kis^ 
from  tiie  water  to  the  tube  there  must  l>e  a  difference  of  temj>erature  Itetuttn 
them,  and  this  difference  will  be  proj)ortional  tf»  the  cjuantity  of  heat  which  ha* 
to  i»ass.  And  again  the  heat  will  have  to  (nihs  through  the  material  of  the  tuK-. 
and  the  rate  at  which  it  will  do  this  will  dejHjnd  on  the  difference  oi  the 
temperatures  at  its  two  surfaces.  Hence  if  air  be  forced  thnmgh  a  tuU- 
Kurrounde<l  with  Inuling  water,  the  temperature  of  the  inner  surface  of  the  tutn- 
will  not  be  constant  but  will  diminish  with  the  ({uantity  of  heat  carried  off  by 
the  air.  It  may  be  imagine<l  that  the  difference  will  not  be  great  :  a  variety  of 
ex|H'riments  lea<l  me  to  supiK>se  that  it  is  much  greater  than  is  generally 
sup]K)sed.  It  is  ol)vious  that  if  the  previous  conclusions  be  correct  this 
difference  would  be  diminishc<l  by  keeping  the  water  in  motion,  and  the  more 
rapid  the  motion  the  less  wouhl  l>e  the  difference.  Taking  these  things  int<»  am- 
Huleration  the  following  experiments  may,  I  think,  be  looked  upon,  if  not  a« 
conclusive  evidence  of  the  truth  of  the  above  reasoning  yet  as  bearing  direi'tly 
upon  it. 

One  end  of  a  brass  tul)e  was  connected  with  a  reservoir  of  compressed  air, 
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tlie  tube  itself  was  immersed  in  boiling  water,  and  the  other  end  was  connected 
with  a  small  non-conducting  chamber  formed  of  concentric  cylinders  of  paper 
with  intervals  between  them  in  which  was  inserted  the  bulb  of  a  thermometer. 
The  air  was  then'  allowed  to  pass  through  the  tube  and  paper  chamber,  the 
pressure  in  the  reservoir  being  maintained  by  bellows  and  measured  by  a 
mercury  gauge :  the  thermometer  then  indicated  the  temperature  of  the 
emerging  air.  One  experiment  gave  the  following  results  : — With  the  smallest 
possible  pressure  the  thermometer  rose  to  96**  F. ,  and  as  the  pressure  increased 
fell,  until  with  ^^  ^ch  it  was  87",  with  J  inch  it  was  TO"*,  with  1  inch  it  was  64**, 
with  2  inches  60** :  beyond  this  point  the  bellows  would  not  raise  the  pressure. 

It  appears,  therefore,  ( 1 )  that  the  temperature  of  the  air  never  rose  to 
212",  the  temperature  of  the  tube,  even  when  moving  slowest ;  but  this 
difference  was  clearly  accounted  for  by  the  loss  of  heat  in  the  chamber  from 
radiation,  the  small  quantity  of  air  passing  through  it  not  being  sufficient  to 
maintain  the  full  temperature,  an  effect  which  must  obviously  vanish  as  the 
velocity  of  the  air  increased  ;  (2)  as  the  velocity  increased  the  temperature 
diminished,  at  first  rapidly  and  then  in  a  more  steady  manner.  The  first  diminu- 
tion might  be  expected  from  the  fact  that  the  velocity  was  not  as  yet  equal 
to  that  at  which  the  resistance  of  friction  is  sensibly  equal  to  the  square 
of  the  velocity  as  previously  explained.  The  steady  diminution  which 
continued  when  the  velocity  was  greater  was  due  to  the  cooling  of  the 
tube.  This  was  proved  to  be  the  case,  for  at  any  stage  of  the  operation  the 
temperature  of  the  emerging  air  could  be  slightly  raiseil  by  increasing  the  heat 
under  the  water  so  as  to  make  it  boil  faster  and  pnxluce  greater  agitation  in  the 
water  surrounding  the  tube.  This  experiment  was  repeated  with  several  tubes 
of  different  lengths  and  characters,  some  .of  copper  and  some  of  brass,  with 
practically  the  same  results.  I  have  not,  however,  as  yet  been  able  to  complete 
the  investigation,  and  I  hope  to  be  able  before  long  to  bring  forward  another 
communication  before  the  Society. 

I  may  state  that  should  these  conclusions  be  establishe<l,  and  the  constant  B 
for  different  fluids  be  determined,  we  should  then  be  able  to  determine,  as 
regards  length  and  extent,  the  best  proportion  for  the  tubes  and  flues  of  boilers. 


CHAPTER  XXXIV. 
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381.  Every  now  and  then  during  the  last  twenty  years  a 
student  has  asked  for  help  in  studying  what  will  occur  when  a  Jet  of 
steam  gives  momentum  to  a  jet  of  water;  his  idea  being  to  use 
the  water  in  a  turbine  of  some  form,  or,  more  directly  still,  in  the 
propulsion  of  ships.  This  is  a  subject  which  is  likely  to  become  of 
great  importance,  and  there  is  practically  no  help  for  the  student  in 
any  of  the  books.  Indeed,  there  is  worse  than  no  help.  Mistaketi 
are  numerous  in  the  best  books  on  the  flow  of  water ;  what  must 
they  be  when  the  subject  is  the  flow  of  a  gas,  and  how  absurd 
must  the  statements  be  on  the  flow  of  wet  steam !  I  will  not 
apologise  for  attempting  to  take  up  this  subject  in  spite  of  the 
sense  of  inv  ignonmce,  because  practical  men  feel  the  pressing  ninil 
for  some  guidance,  and  there  is  what  is  much  worse  than  no 
guidance  in  hooks  at  present.  I  shall  assume  that  students  know 
something  about  hydraulics.  Not  the  misleading  mixture  of  mathe- 
matical symbols  and  nonsense  which  is  to  be  found  in  many  lx>oks, 
but  the  common  sense  notions  of  the  late  Professor  James 
Thomson^  which  really  cover  the  whole  ground  of  our  knowledge. 
How  do  pressure  and  velocity  alter  along  and  across  stream  lines  ^ 
the  theory  of  the  Thomson  Jet  Pump;  what  occurs  near  the 
frictional  sides  of  a  basin  when  water  is  flowing  from  it  by  a  central 
hole  at  the  bottom  f  the  simple  theory  of  the  centrifugal  pump  and 
turbine.  I  have  attempted  in  my  book  cm  Applied  Mechanics,  t4> 
give  James  Thomson's  notions  on  these  subjects.  As  to  the  way  in 
which  friction  occurs  in  the  pa.ssage  of  pumps,  mathematical  treat- 
ment of  the  subject  is  (juite  absurd  in  the  present  stat^i  of  our 
knowledge  ;  all  we  can  do  is  to  try  to  apply  in  a  common  sense 
fashion    the   gi^neral   notions   which   the   beautiful    experiments  of 
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Professor  Osborne  Reynolds  have  given  us.  I  usually  content  myself 
with  telling  students  how  we  get  angles  of  vanes  and  velocities,  so 
that  fluid  may  leave  one  part  of  a  contrivance  and  enter  another 
moving  with  a  diflFerent  velocity,  without  shock ;  and  how  we  ease 
off  the  sections  of  passages  gradually  so  that  there  shall  be  small 
frictional  loss  of  energy. 

The  rules  for  the  steam  turbine  must,  for  the' present,  be  the 
same  as  for  the  water  turbine.  The  velocity  of  the  rim  of  a  wheel 
must  be  nearly  equal  to  that  which  the  fluid  when  flowing  from 
one  vessel  to  another  would  have  at  the  orifice,  if  the  pressure 
difference  were  half  that  between  the  supply  and  exhaust  of  the 
turbine ;  and  hence  it  is  that  Mr.  Parsons  sends  his  steam  through 
I  series  of  such  turbines,  otherwise  his  velocities  would  be  too  great. 
See  Art  389. 

When  a  jet  of  fluid  at  very  great  velocity  impinges  on  a  jet  of 
nnch  greater  mass,  and  they  both  go  on  together,  there  must  be  a 
jpreat  loss  of  energy.  Fluids  in  passages  are  not  altogether  like 
x>lliding  bodies  in  space,  but  the  great  general  rule  for  such  bodies 
must  be  borne  in  mind.  When  a  moving  body  of  mass  M^,  and 
irelocity  V^,  strikes  a  body  at  rest  of  mass  J/g,  and  they  are  found 
moving  together  afterwards,  we  know  that  the  common  velocity  is 

r=  ^-^  and 

lost  energy  __  M^ 

remaining  energy     M^ 

50  that  the  greater  the  stationary  body  the  greater  is  the  loss.  Those 
inventors  who  wish  to  utilise  a  jet  of  steam  in  giving  motion  to 
vrater  must  bear  this  fact  in  mind.  It  does  not  necessarily  mean 
that  when  we  let  a  jet  of  steam  give  motion  to  water  and  allow  the 
vrater  to  drive  a  turbine  or  exert  propelling  force,  that  the  loss  of 
energy  will  be  exceedingly  great  compared  with  what  occurs  in  a 
steam  engine.  Calculation  and  experiment  may  show  that  in  spite 
of  this  loss  of  energy  the  efficiency  of  such  a  machine  may  compare 
hvourably  with  that  of  a  steam  engine,  and  it  may,  besides,  be 
more  convenient  in  construction  and  application. 

382.  Until  somebody  makes  a  thorough  experimental  investiga- 
tion, I  do  not  see  that  we  can  make  any  accurate  calculation  except 
m  the  basis  of  the  following  aisumption. 

ABC  Z>and  E  F,  Fig.  319,  are  cross  sections  of  a  cylindric  pipe, 
^formally  to  the  portion  BG  of  area  a^,  there  is  a  flow  of  fluid  at  the 
velocity  t^j,  the  pressure  there  is  p^ ;  normally  to  the  rest  (of  area  a,) 
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of  the  section  ADy  there  is  a  flow  of  fluid  at  the  velocity  Vj,  and  the 
pressure  there  is  p^} 

I  shall  neglect  the  action  of  gravity  in  the  pipe,  that  is,  di£ferenoe 
of  pressure  due  to  diflference  of  level.  JP  jPis  a  cross  section  of  aret 
a  =  a^  +  ttj,  through  which  the  velocity  v  is  normal,  the  preasare 
being  p,     I  assume  that  there  is  no  friction  at  the  boundaries  of  the 
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fluid,  but  there  is  sufficient  friction  in  the  fluid  itself  to  cause  the 
streams  to  get  a  common  velocity  at  E  F,  Let  w^,  %c^  and  tr,  be 
the  weight  in  pounds  of  a  cubic  foot  of  each  fluid. 

I.  The  quantity  of  fluid  flowing  in  at  ^i>  is  equal  to' what  flows 
out  at  EF, 

o   v^  tv^  +  Og  V2  w^^a  V  w,  and  a^  +  a^^a     ....     (1) 

II.  The  momentum  per  second  communicated  at  AD,  minus  that 
gomg  out  at  EF,  is  cquilibriated  by  the  pressure  forces. 

The  weight  of  water  per  second  through  a^  is  v^  a^  u\,  and  its 

w  .         . 

momentum  is  —  a^  i\^,  if  //•  is  the  weight  of  unit  volume ;  so  that 

a^  \^^^   ^jy^y^  +  „.,  ^.  -^  -_  +^^j  =  «  (^  .__  +  ^,j       ....    (2) 

This  is  true  because  the  pipe  by  Jissumj)tion  exerts  no  force  in 
the  axial  direction,  and  there  are  no  other  forci's  acting  on  the  whole 
mass  from  the  outsidr  than  what  I  have  considered.  It  is  evident 
that  we  ofin  calculate  v  and  })  from  ( I)  and  (2). 

(1)  May  be  written — 

r  =  a,  i'l  -h  a..  i-._, ( I ) 

where  aj  stands  for  a^  ii\     {a^  4-  n.^)  v\  and  a^  for  a^  u\  '  (^j  +  a^)  jr. 

•> 

V"  1) 

lA^t  us  usi'  f  to  represent  .-  -|-    -  ancl  (2)  nmv  b<»  written — 

'  2//       w 

e  =  a^  <'i  -h  a,y  *\,  -  ^^^    .  (a,  i\  +  a.,  v.,)  -  -  a^  i'l'-ao  U'  r      .     .     (2) 

*  In  a  practiral  case,  »ay  of  a  jet  puinp,  these  velocitien  ami  pressures  wiU  W 
the  average  velfK'itien  and  pretuiureM. 
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The  advantage  of  this  way  of  putting  the  matter  lies  in  this, 
hat,  except  for  the  usual  friction  which  we  meet  with  in  pipes,  e,  after 
he  mingling,  will  remain  constant  in  the  pipes,  and  we  need  no 
DDger  think  that  we  can  only  make  calculations  at  a  section  where 
I  =  Oj  +  n^  Thus,  if  we  want  to  consider  to  what  height  A  the 
ombined  stream  will  rise  against  zero  pressure,  e  is  h.  If  we  want 
0  consider  P  the  pressure  in  pounds  per  square  foot  in  a  vessel 
ato  which  the  combined  stream  is 

0  force  its  way   through   a  pipe 

p 
imdually  getting  larger,  e  is  -"    If 

ce  want  to  consider   the  velocity 
f    with     which     the     combined 
tream  will  enter  the  atmosphere,  e 
2116       V^ 

'  -^  *w 

There  is  the  further  great  ad- 
vantage that  from  (2)  we  can  easily 
ind  the  waste  of  energy  due  to 
he  mingling  of  the  streams.  The 
treasures  may  be  either  absolute 
•r  measured  from  any  zero. 

3S3.  In  liquids  we  take  uf, 
=  tr.  =  tc  so  that  fij  and  a^  mean 

— -3 —  and  — —* —  and   a,  +  a, 

1  +  a,  «i  +  Oj 
=  1.      If  the   liquids   have   come 
rom  tanks  whose  atmospheric  still 
ar&ces  are  k^  and  A.  feet  above 
he  jets,  we  may  take  A,  and  A,  as 

ipresenting  e,  and^jandeas  the  height  to  i^hich  t)n  mmgled  stream 
ill  lift  itself  above  the  level  of  the  jets  agamst  abinosphenc  pressure, 
nail  cases,  of  course  e  is  less  than  is  shown  in  (2)  because  of  friction. 

If  for  a  sensible  length  of  the  pipe  nt  AD  we  may  assume  that 
le  stream  lines  are  all  paniliet  to  the  axis  (an  assumption  which  I 
ever  make  except  with  groat  reluctance),  we  may  take  it  that 
I  =  Ps'  *'*''  ^^®  work  is  simplltied. 

384.  To  illustrate  the  use  of  our  formulse  let  us  consider  a 
186  in  which  there  arc  water  streams  only.  In  the  jet  pump  of 
tvrftasor  June*  Thomion,  a  rapidly  flowing  jet  of  water  passes 
irongh  the  nozzle  H  (Fig.  320)  and  mingling  at  AD  with  water 
hicb  cornea  into  the  chamber  O,  the  two  streams  are  discharged  at  J 
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Suppose  that  1  cubic  foot  of  water  per  second  falls  from  a  height 
of  60  feet,  and  passing  through  H  mingles  with  6  cubic  feet  of 
water  per  second,  which  enters  G  from  a  tank  whose  atmospheric 
still  water  surface  level  is  the  same  as  the  level  of  the  jet.  To  what 
height  will  the  combined  stream  rise  with  atmospheric  pressure 
above  it,  neglecting  all  frictional  loss  except  what  is  absolutely 
necessary  for  the  mingling? 

Take  the  atmospheric  pressure  as  zero  and  assume  that  f^  is  that 
of  a  partial  vacuum  such  as  we  may  obtain  by  a  careful  adjustment 

of  the  nozzles ;  say  that  --  =  —  25  feet  where   —  34  feet  would  re- 

present  a  perfect  vacuum. 

«  2  2 

Hence  ^  =  25,  ^^-  =  85,  v.  =  74,  t?-  =  40 

2^  Ig  1  »    2 

1  fi 

tti  =  =^  =  0135.  ttj  =  j^  =   1500,  a  =  a^  +  ttj  =   1635 

«!  =  .j(.35  =  0826,  a,  =  9174. 
Using  (2)  we  find  that 

1  ooo 

e  =  11-97  +  22-94  -  \:,,   =  646 

o4'4 

That  is,  the  combined  stream  would  rise  to  a  height  of  646  feet 
above  AD  if  thero  was  no  friction  except  what  is  necessary  for  the 
mingling  of  the  streams. 

It  is  to  be  noticed  that  before  mingling  we  have  the  energj' 
1  X  00  as  compared  witli  7  x  0'4(>  or  4522  after  the  mingling. 

Exercise.  With  the  figures  of  the  abt)ve  exercise,  assume  that  the 
jet  is  4  feet  above  one  water  level  and  56  feet  below  the  other.      Here 

.2  .  ** 

'/  =  56  4-  25,  y  =  25-4,  r.  =  72,  x\  =  3678 
2y  2f/  ^  2 

aj  =   0785,  a.,  =  1)215,  i\  =  56,  <\,  =  —  4. 

The  student  sees  that  I  take  motionless  water  on  the  level  of  the 
jet  at  atmospheric  pressure  as  having  v  =  0. 

l^ing  (2)  we  Hnd  c  =  1075  +  1567  -  2262  =  380  ;  or  a  lift  of 
3*80  feet  above  the  jet ;  or  a  lift  of  780  feet  above  the  level  of  the 
lower  tank. 

We  see  therefore  that  the  jet  ought  to  be  at  as  high  a  level  as  it 
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can  be  placed  for  best  eflSciency.  In  this  case,  by  having  the  jet 
4  feet  above  the  water  to  be  pumped,  our  energy  before  mingling 
being  1  x  60  becomes  7  x  7*80  or  54*6,  which  is  much  better  than 
the  last  case. 

I  have  not  yet  worked  long  enough  with  the  equation  (2),  nor 
worked  enough  numerical  exercises  to  be  able  to  put  the  matter 
more  simply.     The  following  exercise  is  less  directly  worked. 

385.  Suppose  1  cubic  foot  of  water  per  second  falls  from  a 
height  of  60  feet,  and  passing  through  JET,  mingles  with  water  which 
enters  G  from  a  depth  of  4  feet.  Assuming  that  Jth  of  the  energy 
is  wasted  before  the  mingling  (as  if  the  height  were  only  50  feet), 
and  that  another  10  per  cent,  is  wasted  in  ordinary  pipe  friction 
after  the  mingling  and  in  the  delivery  of  the  water.  How  much  is 
wasted  in  the  mingling  itself?  Neglect  the  difference  of  level 
between  AD  and  if,  the  height  to  which  the  water  is  actually 
delivered. 

We  want  to  get  some  notion  of  the  waste  of  energy,  and  we  see  at 
once  that  if  v^  =  v^y  there  is  no  waste.  Here  we  have  a  very  different 
state  of  things  from  that  of  the  collision  of  two  solid  bodies.  We  can 
cause  a  jet  with  great  energy  per  pound,  but  small  quantity  of  stuff* 
per  second,  to  share  its  energy  with  another  of  great  quantity,  without 
loss  of  energy  (in  practice,  without  much  loss  of  energy),  if  we  take 
care  that  when  the  collision  takes  place  we  have  produced,  tem- 
porarily, an  equal  velocity  in  the  jet  of  great  quantity.  Now  in  most 
practical  cases  the  velocity  v^  will  be  limited.  For  example,  in  'the 
jet  pump  the  limiting  value  of  i\2  will  depend  upon  the  height  of  AD 
above  the  level  of  the  water  which  is  being  pumped ;  even  neglecting 
fiiction  and  with  a  zero  lift  we  cannot  have  v^  as  much  as  47  feet 
per  second.  The  limiting  value  of  v^  cannot  be  so  great  as 
V2^34  —  h)  if  h  is  the  lift  to  AD,  In  applying  the  method  to 
the  working  of  a  turbine  by  water  and  steam  we  might  have 
rj  as  great  as  s/2g(34}  +  h)  if  h  is  the  possible  height  in  feet  at 
which  a  tank  might  be  kept  for  cooling  the  exhaust  water  from  the 
turbine ;  but  if  the  exhaust  water  might  be  cooled  in  coming  from 
the  turbine  to  the  jet  part  by  passing  through  tubes  cooled  by 
outside  water,  it  seems  as  if  it  might  be  possible  to  get  i\  verj'  great 
indeed. 

Here         ^  =  50  +  25  or  v^  =  69  feet  per  second 

|s-  =  25  -  4,  r,  =  37  ;  «!  =  gg  =  0145  square  feet. 
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^2—  qJ'^*^  if  9i  cubic  feet  of  water  are  pumped  per  second.  I  find 
that  I  have  worked  this  exercise  from  the  first  form  of  equation  (2) 
in  page  600,  measuring  pressure  from  absolute  zero. 

The  whole  energy  of  the  water  at  EF  is  to  be  the  same  as  if  it 
were  motionless  at  atmospheric  pressure  plus  10  per  cent,  of  the 
original  energy  per  second  of  the  jet  water  or  10  per  cent  of 
62-3  X  60,  or  which  is  3738  or  6w  if  to  is  623. 


(4)  becomes 


ai;(;)-2116)  +  ^y^  -  6w  =  0      .     .     .     (1) 


^  =  576  +  -  f—  +  37^^  -  t;2\  .     (4) 

g  \a  a  / 


w  /69 
9 
Our  unknowns  are  p,  a^,  v,  a,  and  besides  (1)  and  (4)  we  have 

1  +  S7a^  =  av (5) 

and  0145  +a^  =  a (6) 

Hence  1  +  37a2  =  (0145  +  a^v, 

386.  Obviously  the  best  way  to  find  these  unknowns  is  by  trial. 
Now,  if  there  were  no  loss  of  energy  whatever,  1  cubic  foot  falling 
44  feet  (or  60  feet  —  the  losses)  could  only  lift  11  cubic  feet  4  feet, 
and  it  is  evident  that  we  must  look  for  a  much  smaller  answer  than 
this. 

We  tii-st  try  therefore  g^  =  (>,.  or  a.,  =  -,  a  is  '1812,  p  is  757  and 

^-         ()  -       ()  ^ 

(1)  becomes  101  instead  of  0.     Trying  other  vahiesof  ag  we  at  length 

find  that  a,  =   225,  a  =   24,  r  =  38i)3,  j^  =  689,  ar  =  934.  so  that 

the  ainonnt  of  water  pumped   is  934  —  1   or  834  cubic  feet    j)er 

second. 

What  vacuum  is  actually  obtainable  in  jet  pumps,  I  do  not  know ; 

it  does  not  seem  to  have  been   measured,  but  if  it  is  less  than  that 

due  to  the  25  feet  of  water  assumed  above,  the  delivery  will  be  less. 

387.    Flow  of  Steam  ft*om  Orifices. 

I  shall  assume  that  the  fioi«r  to  the  orifice  is  adiabatic. 

Let  us  consi(l(»r  what  occurs  at  two  cross  sections  at  A  and  B  of 
a  stream  tube  in  adiabatic  flow,  and  neglect  effects  due  to  gravity. 

A  pound  of  sturt' entering  at  A  brings  with  it  its  intrinsic  energj' 
£,  and  hjis  work  done  upon  it  as  it  entei-s,  ;?F  if  V  is  its  volume- 
that  is,  the  space  gains  the  energy  £J  +  pV  with  every  pound  of 
stuflF  that  enters.     Now,  for  every  pound  entering  there  is  also  a 
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pound  leaving  the  space,  and  it  carries  away  with  it  the  value  of 
E  +  pV  at  J?,  flence  the  values  of  JS  +pV  must  be  the  same 
everywhere  along  a  stream  line  if  the  flow  is  adiabatic. 

Now,  if  at  any  place  a  pound  of  fluid  consists  of  x  lb.  of  steam 
and  1  —  a;  of  water,  and  if  \  =  Z  —  pu,  I  being  latent  heat ;  if  tt  and 
»'  are  the  volumes  of  a  pound  of  steam  and  a  pound  of  water,  and 
t  is  the  velocity,  h  being  the  heat  energy  in  a  pound  of  water, 

E  =  h  +  \x  +  ^~ (1) 

V=^ix  +  n^  (1  -  a) (2) 

Hence  along  a  stream  line  in  adiabatic  flow 

h  +  \x  +^  +  p  {nx  +  u^  (1  —  a;) }  =  constant     .     (3) 

Thus,  if  steam  flows  from  a  boiler  and  v  =  0,  a;  =  1,  where  the 
pressure  is  p^y  and  if  at  another  place  the  pressure  is  ^> 

h  +  x{\+pu-  pii^)  +  pit^  +  2^  =  ^0  +  ^0  +iW 

That  is,  the  velocity  is  that  due  to  the  height 

h^-h  +  XQ+  PqUq  -  pv}  -  .r  {\+p  {It  -  i(}) }     .     (4) 

of  course  u^  is  really  negligible  in  this  connection  and  \  +  pu  =  /. 
We  may  take  A^  -  A  =  J^O^  -  6) 


Hence 


^^j{e,--e)  +  i,^xi (5) 


If  we  can  state  the  amount  of  heat  energy  lost  by  every  i>ound 
of  steam  because  the  flow  is  not  truly  adiabatic,  this  produces 
a  lessening  of  v^j^g. 

Applying  the  second  law  of  thermodynamics : — Since  the  flow  is 
adiabatic,  the  entropy  is  constant,  or 


xl 

_  ^  log.  t  is  constant. 


In  the  above  case 


^f  +  log  t^^-^  +  \o^.t (6) 

or  *"C^  +  '^»-'f)r (7) 
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388.  Qraphicallyi  by  means  of  the  0if>  diagram,  A^^C^, 
Fig.  321,  is  the  horizontal  line  drawn  corresponding  to  the  boiler 
temperature,  and  ABO  to  any  other  temperature  at  any  place  in 
the  stream ;  then  BF  -r  BC  =  x. 

If  AC  is  drawn  corresponding  to  the  lowest  or  terminal  tem- 
perature where  we  want  the  greatest  velocity  t?,  x  is  the  dryness  of 
the  steam  at  the  end  of  the  operation,  and  the  area  BB^C^PB 
represents  the  energy  utilised,  just  as  in  a  perfect  engine  on  the 
Rankine  cycle,  Art.  214,  only  here  the  energy  is  stored  up  as  kinetic 
energy. 

Now,  it  is  obvious  that  this  adiabatic  condition  cannot  hold 
close  up  to  the  water  when  steam  and  water  jets  collide ;  the  whole 
of  the  steam  becomes  condensed   because  of  the  abstraction  of  heat 


Fio.  321. 


and  if  nv(^  know  its  rate  of  abstraction  so  that  we  can  draw  C^QB 

(th(;  area  In^twcen  CqQI>  and  the  absolute  zero  line  represents  the 

total  heat   lost)  we   se(i   that   we   nmst   take   the   area  B B^C^QB  as 
•) 

^  ,  instrad  of  the  whole  area  B1>..C..P1k     In  fact,  the  whole  tjain  of 

kinetic  ener^^v  is  to  bt?  calculated  in  every  ease  as  if  the  work  of 
steam  expandint^  from  />,,  to  p  were  given  to  a  piston.  If  the  stut^' 
g(»ts  rapidly  moled  jiu^t  at  th<?  end,  we  may  in  Fig.  321  assume 
adiabatic  expansion,  say  to  R,  and  then  the  curve  of  constant 
volume  7t/),  as  if  the  stuff  were  released  from  an  ordinary  cylinder 

ft  ftr 

without  further  expansion  or  floing  of  work.  The  an\a  of  an 
ordinary  jW  indicator  diagram,  will  illustrate  this  very  well.  Some 
such  loss  as  25  to  50  per  cent,  of  the  whole  energy  mu.st  be 
assumed  in  practi<*al  cas<'s  where  steam  jets  collide  with  water-jets 
I   think. 

In  academic  exerci.ses,   like  the   following,  I    assume   that    real 
adiabatic  expansion  takes  place. 
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Hxercises  to  be  wo7*ked  Graphically, 

Dry  steam  at  the  following  boiler  pressures  and  temperatures 
flows  adiabatically,  reaching  the  following  lower  temperatures  with 
the  velocities  v. 


Boiler  ste 

temp. 
Cent. 

am  (dry). 

At  the  fo 
velocities 

Hewing  lower  temperatures  the 
are  as  given  in  feet  per  second. 

press,  lb. 
per  sq.  in. 

120"  C. 

80*"  C. 

40' C. 

20' C. 

O'C. 
100 

14-7 

" 

1630         2860 

3340 

110 

20-8 

1950 

3045         3490 

120 

28-83 

2225 

3200         3570 

130 

39-26 

1070 

2450 

3355         3750 

140 

62-62 

1470 

2625 

3430 

3860 

160 

89-86 

1610 

2635     '     3425 

4060 

200 

225-9 

2730 

3450 

4090 

4390 

389.  It  will  presently  be  seen  that  the  pressure  in  the  jet  is  never 
less  than  '578  of  the  higher  pressure,  and  hence  all  the  velocities 
of  the  above  table,  except  two,  are  misleading,  if  we  think  of  the 
steam  flowing  into  an  atmosphere.  It  may  however  be  that  at  the 
nozzles  of  injectors  these  very  great  velocities  do  occur. 

In  calculating  the  flow  of  steam  through  an  orifice,  if  A  is  the 
area  of  the  jet  where  the  stream  lines  are  most  nearly  parallel,  Av  is 
the  volume  flowing  per  second,  and  divided  by  lix  (neglecting  the 
volume  of  the  water)  it  is  the  weight  in  pounds  per  second,  or  Avjiix, 

Of  course,  if  the  flow  is  into  the  atmosphere  or  a  vessel  at  lower 
pressure,  the  kinetic  energy  is  changed  into  heat  after  passing 
through  the  orifice,  and  the  wetness  is  lessened,  or  the  steam 
becomes  dry  or  superheated.  But  the  steam  will  be  wet  near  the 
orifice. 

We  may  put  the  above  result  algebraically.  When  any  fluid, 
water,  or  wet  steam,  or  dry  steam,  or  superheated  steam,  or  air,  or 
any  other  gas  flows  adiabatically  from  a  vessel  at  pressure  p^  where 
its  velocity  is  0  to  a  place  where  its  pressure  is  p^ ;  we  find  the  work 
which  it  would  do  if  admitted  to  a  cylinder  with  no  clearance,  when 
expanding  adiabatically  to  jJj,  and  we  know  that  this  work  is  the 

gain  of  its  kinetic  energy  or  ^.     Thus  for  air  or  any  other  gas 

this  will  be  found  to  give 

^-Xv^Apo'''y-py^)p<!'  .      .   .   (1) 

if  |?p  is  the  initial  and  p^  the  final  pressure,  if  Wq  is  the  weight  of 


>»  »»  »y 


y>  11  11 
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unit  volume  fit Pq:  y  is  1*41  for  air,  1*3  (doubtful)  for  superheated 
steam. 

It  will  be  found  to  answer  also  very  nearly  for  dry  or  wtt 
■team  if  we  t^ke  as  y  the  value  given  in  the  table,  page  362. 

leaving  the  boiler  dry,  7  =  1*130 

leaving  boiler  with  25  per  cent,  water  y  =  1*113 

50  per  cent,  water  y  =  1*054 

75  per  cent,  water  7  =  0*959 

Thus,  for  example,  taking  dry  saturated  steam  at  130**  C.  flowing 
to  a  place  at  120^  C.  this  method  gives  1,074  feet  per  second,  whereas 
the  true  answer  in  the  above  table  is  1,070.  Again,  dry  steam 
flowing  from  200°  C.  to  20**  C.  gets  a  velocity  of  4,400  feet  per 
second,  whereas  the  correct  answer  according  to  the  table  is 
4,390.  [It  will  presently  be  seen  that  both  these  answers  are 
misleading.] 

It  will  be  found  on  trial  that  if  p^  is  verj*  little  less  than  p^,  the 
above  formula  is  approximately  the  same  as 

^  =  ^(Po-Pi) (2^ 

Exercise.  In  a  Thomson  water  turbine  the  velocitv  of  the  rim 
of  the  wheel  is  the  vekKMty  due  to  half  the  total  available  pressure: 
so  in  an  air  or  steam  turbine  when  there  is  no  great  difference  of 
pressure,  the  velocity  of  the  rim  of  the  wheel  is  the  velocity  due  to 
half  the  pn^ssure  difl'en'nce.  Thus  if  /\^  of  the  suj)ply  is  7.000  lbs. 
per  square  foot,  and  it'/',  of  the  exhaust  is  (),800  lbs.  per  square  fix>t, 
and  if  wo  take  tf\^  =  0*2.S  lb.  per  cubic  foot  (as  if  it  wore  air.  or 
rather  wet  steanO.  thi'U  halving  the  pressure  diffen^nce  and  using  the 
above  forniula  on  100  lbs.  jx^r  square  foot,  we  find 

V  =  v^  2(f  X  100  ^  28  =  151  feet  jkt  second. 

390.  It  is  evident  that  as  j)^  is  made  less  and  less,  r  the  velocity 
increauses  mon*  and  nu^re.  and  so  does  Q  the  cubic  feet  per  second. 
But  a  largo  Q  doi*s  not  nivossiirily  mean  a  large  quantity  of  fluid. 
It  is  worth  while  taking  as  an  exorciso  ;>„  =  2  atmospherics,  ami 
studying  the  rosult  when  /»,  is  lumle  U'ss  and  less.  Find  i\  using  {\) 
in  earh  easo,an(l  W,  tho  weiijht  in  pumds  tlowing  jkt  siM?ond  through 
an  oritier  out*  stjuaro  t"tH»t  in  area.  It  will  l)e  tound  that  Jf  is  a 
maxinnnn  whi'n  />,  is  s^unowhat  more  than  1  atino^phert*. 

Sueh  a  numerical  example  suggests  to  us  the  general  questii>n 
what  is  the  maziinum  weight  flow  of  a  gas  through  a  throat. 
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Returning  to  (1)  Art.  389,  neglecting  friction,  if  there  is  an  orifice 
of  area  A  near  which  the  flow  is  guided,  so  that  the  streams  of  air  are 
parallel :  Q  the  volume  in  cubic  feet  flowing  per  second  is  ©  =  ^'-^  \ 

the  weight  of  stuflF  flowing  per  second  is  1^=  vAw^  or  vAwj^yi' 

Hence,  using  a  for  'p^llp^  we  have 

W^A  V,^».P.(<^-^"')    .    .    .    .    (1) 

It  is  an  easy  exercise  in  the  calculus  to  find  what  value  of  a  will 

cause  TT  to  be  a  maximum.  Statement  (2)  which  follows  this 
expresses  the  answer.  It  really  comes  to  this,  that  there  is  maximum 
flow  when  p^  is  somewhat  greater  than  half  j?^. 

391.  If  there  is  no  loss  or  gain  of  energy  by  friction,  &c.,  the 
above  rules  for  the  velocity  are  absolutely  true.  But  mistakes  may 
be,  and  are,  often  made  in  regard  to  the  value  of  the  pressure  fy 

When  a  jet  of  water  is  visible  passing  through  the  atmosphere^ 
all  round  it  there  is  atmospheric  pressure,  but  what  is  the  pressure- 
inside  ?     We  guess  at  this.     If  the  stream  lines  are  evidently  nearly 
parallel  at  a  place,  it  is  probable  that  there  is  the  same  pressure 
from  inside  to  outside.     Correct  guessing  is   easy  in   the   case   of 
visible  water.     But  in  the  case  of  gases  the  guessing  may  not  be 
easy ;  and,  indeed,  it  was  found  by  Napier's  experiments  on  steam 
and  subsequent  ones  on  air,  that  when  j)^  is  greater  than  twice  7?^, 
the  shape  of  the  jet  and  the  shapes  of  the  stream  lines  near  the 
orifice  are  so  utterly  different  from  those  of  water  (we  always  base 
)ar  notions  on  the  behaviour  of  water  jots  which  we  have  seen),  that . 
i^e  rely  upon  experiment  only,  there  being  no  theory  to  guide  us. 
R^hereas  when  'p^  is  less  than  twice  i\,  the  theory  is  found  to  be  as 
»rrect  as  with  the  flow  of  water.      In  fact,  it  is  found  that  the 
pressure  in  the  jet  'p^  never   gets  to  be   less  than  the  pressure 
orresponding  to  maximum  flow,  however  low  may  be  the  pressure- 
a  the  vessel  into  which  the  jet  issues. 

Exercise.  Prove  the  following  statements  : — 

1.  When  |?o  is  '^^  ^^^^  5  ^^  ^^^  external  pressure,  we  may  take 
8  roughly  correct  the  flow  of  steam  in  j)ounds  per  second  through 
he  area  A  square  feet  to  be 

le  pressures  being  in  lb.  per  square  foot,  and  that  this  is  right  if  A 
in  square  inches  and  the  pressures  are  in  lb.  per  sijuare  inch. 

a  R 
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2.  For  V/  in  Art.  390  to  be  a  maximum,  we  must  have 

I        ,  or  ;?  =  Pft  ( 


a  =  (-2-)        ^  or  p=Po[—^) 


3.  In  the  case  of  air,  7  =  1*41,  so  that  if  there  is  maximum 
flow  py^  =  '527  Pq, 

4.  In  the  case  of  superheated  iteam,  7  =  1*3,  possibly,  so  that  if 
there  is  maximum  flow  p^  =  '546  JJ^. 

5.  In  the  case  of  dry  saturated  steam,  7  =  1*130,  so  that  if 
there  is  maximum  flow  p^  =  '578 ^^^ 

6.  In  the  case  of  steam  leaving  the  boiler  with  25  per  cent,  of 
water  7  =  1113,  approximately,  so  that  if  there  is  maximum  flow 
p^  =  '582  Pq, 

7.  If  dry  steam  flows  adiabatically  from  a  boiler  where  the 
pressure  is  Pq  lb.  per  square  foot  to  a  place  where  the  pressure 
is  p^  =  0*578  Pq,  show  that  its  weight,  w  lb.  per  cubic  foot,  i.^ 
u\  =  1-762  X  10 -'^^Jo^^^®. 

To  do  this  we  may  tsike p^w^-^'^^  =  p^w^'^'^^ 

Also p^iv^-^'^^^  =  479  X  144.     (See  (9)  Art.  180.) 

Exercise.  Calculate  the  values  of  w^  for  various  values  of  p^ 

given  in  the  following  table.     It  is  evident  from  this  that  in  rough 

calculations  we  may  take  it  that  w^  =  10'^  Pq. 

8.  Show  that  the  limiting  velocity  of  a  gas  in  (1)  Art.  389  if  the 
condition  of  maximum  weight  flow  holds  is 

if  jIq  is  in  lb.  per  square  foot,  lo^  being  in  lb.  per  cubic  foot. 
In  the  case  of  dry  steam,  taking  7  =  113,  this  becomes 


u\ 


Exercise.  Find  the  limiting  velocity  i\  with  which  steam  will 
rush  into  an  atiiiosj)here  at  a  pressure  less  than  '57  of  its  initial 
pressure,  if  the  initial  j)ressure  is  as  given  in  the  table. 


t 
/>o:U4      ! 

7>i.. 

limiting 

Vh  »0  of    H 

if   wj  =  >»;>^^ 

Vahien  of  in  In 

'MHi 

4.S*3M> 

1.>1L> 

mHryx  10* 

ill40 

•JIM> 

*JS«<K) 

141M) 

•<>414x  10-4 

iH42 

KM) 

14400 

1464 

•9S22  X  10-4 

•0145 

r»o 

7*200    ; 

14;« 

l1^24    xlO* 

•0148 

»> 

43-3) 

1410 

10o7    xlU-* 

•0150 
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We  see,  then,  that  the  limiting  velocities  do  not  greatly  differ 
from  one  another,  although  in  every  case  the  efflux  may  be  into  the 
atmosphere  or  a  condenser.  The  student  ought  as  an  exercise  to 
prove  that  this  is  the  velocity  of  sound  in  the  gas  in  the  state  in 
which  it  exists  in  the  throat. 

[Added,  October,  1901. — In  Osborne  Reynolds's  Collected  Papers, 
voL  ii,  page  311,  I  find  the  explanation  of  the  Napier  and  other 
results.  Imagine  (1)  of  Art.  390  to  refer,  not  to  the  whole  system, 
but  to  one  stream  tube  of  cross  section  A  at  the  place  where  p 
(substituted  for  Pj  in  the  formula)  is  the  pressure ;  W  is  constant 
everywhere.  Hence  (1)  enables  us  to  calculate  A  if  we  know  p. 
It  will  be  found  that  taking  less  and  less  values  of  p,  A  reaches 

a  minimum  value  for  p=^Po\ r)^"^'  easily  found   by  making 

^'"^ ... 

In  practical  calculations  I  often  take  it  that  the  limiting  velocity 
is  always  1450  feet  per  second,  if  p^  has  any  value  between  150  and 
601b.  per  square  inch. 

Exercise.  Find  the  limiting  weight  W  lb.  of  steam  per  second 
which  will  flow  through  an  area  A  square  feet,  using  the  above 
values  of  v^  and  w^ 

Answer,     W  =  -0194  V»«»  A. 

Exercise.  If  we  assume  that  W  =  t/ipqA,  what  is  wi  for  the 
values  o(Pq  in  the  table  ?     The  answers  are  given. 

We  see  that  we  may  in  rough  calculations  take  the  following 
rule: — 

9.  The  greatest  weight  of  steam  in  pounds  per  second  flowing 
through  a  throat  of  area  A  square  feet  is  i\iCiA,  or  roughly, 

This  is  the  result  arrived  at  experimentally  by  Mr.  Napier.  This 
formula  may  be  used  if  2^0  ^  ^^  ^^'  P^^  square  inch  and  A  is  in 
square  inches. 

399.  Theory  of  the  Injector. — Dry  saturated  steam  TT^  lb. 
per  second  from  the  boiler,  at  pressure  p^  and  temperature  ^0°  C. 
reaches  B,  Fig.  323,  adiabatically,  where  it  is  at  p^  and  ^1°  C,  and 
it  condenses,  meeting  W^  lb.  of  water  at  0^  C.  and  pressure  p^  which 
has  risen  from  the  feed  tank  by  the  pipe  A,  The  combined  stream 
at  0^C*  passes  into  the  feed  pipe  at  E  and  through  the  valve  0  to 
tbe  boiler  by  if. 

R  R  2 
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1.  Assume  no  steam  to  escape  condensation  and  no  water  to  slip 
between  D  and  E.  Also  that  the  whole  of  the  heat  of  a  pound  of 
steam  leaving  the  boiler  is  in  the  mixture  at  D  and  E\  that  is 


Fig.  828. 


neglect  the  fact  that  a  small  fraction  of  the  heat  has  been  converted 
into  kinetic  energy.     Then  if  H^  is  Regnault's  total  heat, 

2.  As  the  pressure  in  the  overflow  J  is  atmospheric,  assmne  that 
it  is  so  at  E,  so  that  if  jy^  is  the  boiler  pressure  in  pounds  per  square 
inch,  the  velocity  at  E  must  be 


feet  per  second  neglecting  friction.     The  area  A  at  E  is 


A  = 


OUHir,  4-  ir,) 


taking  010  as  the  volume  of  1  lb.  of  water. 

3.  I  shall  not  attempt  to  give  a  theory  of  what  haj)jK'ns  whtn 
the  streams  of  eondensing  steam  find  water  meet,  but  we  may  tako 
Fig.  824  as  showing  what  may  possibly  occur  at  ABCD  and  EF  ^i 
our  old  Fig.  320.  Through  the  area  ^j  square  feet  there  is  a  flow 
of  H',  II).  of  w<*t  steam  j)er  .second  at  the  pressure />j  and  velocity  r^. 
Through  the  outer  ari'a  (f.,  we  have  W^  lb.  of  watiT  jK^r  second  at 
th<;  velocity  r.,,  which  has  come  from  a  tank  whose  atmospheric 
still  water  levt.'l  is  //.,  fi'et  above  the  jets.  Through  the  art»a  a  = 
«j  +  ^2  *^^  ^^^  ^^   hixvii    U\  -h  W^  lb.  of  water  flowing  per  second 
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ressure  p,  with  velocity  v,  each  pound  of  it  possessing  the  total 

v^      p 

[f    there  were    no    friction   except  what  is  necessary  for  the 
gling,  the    total    energy  required  if    the  water  is   to   enter  a 
er  at  pressure  P  is  Pjw, 
Until  Napier's  experiments 
the  flow  of  steam  from  a 
er  at  p^  into  a  place  of  low 
sure,  no  one  dreamt  that 
velocity   was    that  corre- 
iding  to    the   notion  that 
e  is  a  pressure  0*58  p^  or 
7q  in  the  throat.     It  would 
be  very    absurd    for   us 
I  our  exceedingly  small 

iirledge   to  build  a  theory  of  the  injector  on  the  supposition 

p^  is  O^Pq,  and  that  v^  is  always  about  1,450  feet  per  second, 

to  use  the  formula  of  Art.  382.     Should  any  one  care  to  do 

nd  if  as  before  v^l'^Q  ^^  taken  to  be  Ag  +  25  when  the  nozzles 

properly  adjusted;  if  W^  is  taken  to  be -^^,  and   if   WJW^   is 
?d  y,  we  arrive  at  the  equations 


Fig.  824. 


4360  ,  .V  ^  1  +  .V 


(2J. 


Po 


I'o 


V 


(!)• 


3iven  y  and  p^  we  can  find  v  from  (1);  use  it  on  (2)  to  find  p 
calculate 


\2q       wr 


pressure  in  the  vessel  into  which   the  combined  jet   may  be 

»d. 

But  if  the  student  uses  this  method  he  will  find  that  although 
n  2?^  =  45  X  144  and  y  =  9,  P  is  sufficiently  greater  than  p^  to 
w  that  the  injector  would  work ;  if  he  tries  much  higher*  values  of 
ttd  y,  the  injector  will  not  work.  In  fact  his  results  do  not  agree 
i  experience,  and  therefore  his  theory  is  worthless.    It  is  quite 
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possible  indeed  that  v^  reaches  values  very  greatly  exceeding  th 
values  found  by  Napier  under  such  veiy  different  circumstaQoes. 

It  may  be  worth  while  here  to  say  that  all  the  best  writers  us 
Napier's  t^i  in  the  formula — 

(l+y)(r-^^)-*, 

to  calculate  V  the  velocity  with  which  the  combined  steam  passes  tl 
space  where  it  is  at  atmospheric  pressure.    When  A,  is  0  this  ii 


1+y 

as  if  we  had  two  solid  bodies  of  masses  1  and  y  colliding  in  a  vacun 
with  velocities  v^  and  0,  V  being  their  common  velocity  after  impac 
The  formula  is  said  to  agree  in  a  few  cases  with  the  actual  expei 
mental  results,  but  to  greatly  disagree  in  most  cases.  One  thing 
know,  it  is  always  arrived  at  by  what  is  called  '*  a  theory  of  the  Injectoi 
which  is  one  of  those  pretences  sometimes  to  be  found  in  books  < 
applied  science  where  weak  mathematics  hides  the  want  of  reason. 

I  hardly  know  if  it  is  worth  while  here  to  say  that  if  in  my  theo 
we  assume  p^  and  p,  to  be  equal,  and  both  equal  to  that  due  to  tl; 
head  h^  and  neglect  the  small  term  h^/v^  and  assume  that  a, 
much  less  than  what  it  really  is ;  in  fact  that  to^  =  w,  we  get  tl 
commonly  received  formula.  But  I  see  no  scientific  reason  for  su< 
assumptions. 

393.  I  have  never  made  accurate  (^Kj)eriments  with  an  inject< 

I  copy  from  Mr.  Peabody's  excellent  "  Th*»rino(Iynamics  of  the  Stea 

Engine,"   the  following    results  of   experiments    on    a    Selle 

ii^ector  whose  combining  tube  or  water  orifice  is  6  nnn.  in  diamet 

vhere  smallest. 

For  each  pressure  of  steam  noted  in  column  1,  the  water  v 
delivered  by  the  injector  into  the  boiler  under  approximately  t 
same  j)ressure.  The  delivery  was  nieasun.nl  by  observing  the  indie 
tions  of  a  water- meter. 

The  pn?ssures  in  column  8  were  obtaineil  bv  throttling  the  stea 
supplied  to  the  injector,  and  observing  the  pressure  at  which  it  ceas 
to  work,  each  experiment  being  rejieated  several  times  with  ])recist 
the  same  results. 

The  temperatures  in  colunm  J)  were  obtainetl  by  gmdually  heatii 
the  water  supplied  to  the   injector,  and  noting  the  temperature 
which  it  ceased  to  operate,  eiich  temperature  reconled  being  check 
by  several  rei)etitions  of  the  experiment. 
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Taking   the   case   in  which  Pq  =  150  lb.   per  sq. 
fl,  =  157"  F.,  e^  =  66°  F.,  ir^  =  1!94. 


IT„~t 


1037 


■■  11-4. 

,  =  5845  J  150in44^  2-7«  =  1430  fi-ct  per  second. 
-  115  feet  per  second. 


1430 
'  1  +  11-4" 


If  P  lb.  per  St],  in.  la  the  (/aiigc  pressure  of  delivery 

115  =  12  s/j'',or  F  =  92, 

that  ia,  the  pressure  of  the  delivered  water  is  only  062  of  the  boiler 
pressure  in  spittt  of  our  assumption  uf  no  friction.  Hence  the 
usoAlly  accepted  formula  has  not  only  no  scientific  basis  but  it  has 
not  even  the  virtue  of  agreeing  with  experimental  results.     I  think 
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that  there  can  be  no  theory  of  the  injector  until  some  scientific  man 
makes  a  complete  experimental  investigation  of  the  subject. 

394.  Exercise.  Taking  the  above  case,  that  each  pound  of 
steam  at  366°  F.  generated  from  feed  water  at  157°  F.  causes  11*4  lb. 
of  water  to  enter  the  boiler.  Compare  the  perfbrmance  with  the 
mechanical   energy  produced  by  a   perfect   non-condensing  st^am 

engine. 

11*4 
The  work  done  per  pound  of  steam  is  -.      x  150  x  144  or  3972 

foot  pounds.  A  perfect  non-condensing  steam  engine  using  steam  at 
366°  F.  would  do  (see  Art.  214)  250,800  foot  pounds  per  pound  of 
steam.  Of  course  it  is  to  be  remembered  that  the  waste  heat  is 
utilized  in  heating  the  feed  water. 

396.  This  is  not  the  place  for  other  speculations  such  a.^^  I 
have  made  on  injectors.  It  may,  however,  be  worth  while  to  mention 
that  I  anticipate  greatly  increased  efficiency  in  the  driving  of  water 
by  steam  jets  by  making  ihe  steam  nozzle  telescopic  so  that  more  and 
more  steam  enters  as  the  water  quickens  in  speed  ;  not  all  ent<?ring 
at  one  place. 

Fig.  138re  shows  one  ordinary  form  of  the  single  acting  injector. 
To  start  it  we  open  the  steam  valve  a  little,  then  the  water  supply 
valve,  and  as  soon  as  water  appears  at  the  overflow  we  open  the 
steam  valve  more  and  more  until  the  overflow  ceases.  As  air  is 
drawn  in  to  some  extent  and  may  be  objectionable  in  condensing 
engines  there  is  sometimes  a  non-return  valve  att^iched  to  the 
overflow,  a  weak  sj)ring  pressing  with  a  littU*  more  force  than  the 
weight  of  the  valvi*. 

Injectoi>j  ought  to  be  tested  for  pressures  of  delivery  10  to  15  lb. 
above  the  boiliT  j)ressure,  to  allow  for  friction  and  the  lifting  of  the 
valve.  The  lift  to  the  boiler  is  seldom  more  than  20  feet.  With  a 
high  lift  there  is  sometimes  ditticulty  on  account  of  the  non-condensa- 
tion of  the  supply  st<'am.  The  feed  tank  temperature  ought  to  he 
as  low  as  i>ossibh»,  oUv  there  may  not  be  complete  condensation  of 
the  steam.  An  injector  whose  nozzles  are  properly  adjustt*<l  for  a 
certain  boiler  ])ressure  needs  re-adjustment  for  other  pressiires.  and 
there  are  self- adjusting  ii^Jectors  in  tht^  market.  In  double 
action  injectors  the  watiT  is  tirst  admitted  to  an  intermediate  space, 
and  by  means  (»t'a  fresh  jet  of  steam  is  injected  into  the  boiler. 

It  will  bi'  seen  by  the  above  table  that  injectors  will  supply  water 
at  a  greater  pressure  than  that  of  the  supply  stream.  Hence  a  jet 
of  the  exhaust  steam  from  a  non-condensing  engine  is  sometimes 
used  for  feeding  the  boiler. 


I 
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The  injector  is  often  used  as  a  very  inefficient  pump,  especially 
in  chemical  works.  When  the  lift  is  small  as  in  "  Xyectors  *'  and 
especially  when  the  water  enters  through  telescopic  openings  so 
that  the  water  first  set  in  motion  by  the  steam  is  greatly  added  to 
later,  it  is  said  that  there  is  a  greatly  increased  efficiency. 
Ejectors  are  often  arranged  so  that  they  act  as  a  sort  of  combination 
of  condenser  and  air-pump. 


CHAPTER  XXXV. 

CYLINDER    COXDEXSATIOX. 

396.  Ix  this  chapter  I  consider  the  growth  of  water  in  the  cylin- 
der, using  the  answers  to  some  mathematical  problems  in  speculation. 
In  our  study  we  are  apt  to  assume  that  the  pressure  of  steam  as  given 
by  the  indicator  tells  us  the  temperature  of  steam  and  water 
everywhere  in  the  cylinder.  Indeeil,  this  is  the  basis  of  our  applica- 
tion of  the  0<f>  diagram  to  practical  problems ;  an  exj)erienct^l  man 
knows  that  the  static  laws  are  to  be  applied  with  caution  and  men»ly 
with  the  object  of  obtaining  suggestions ;  the  young  student  believes 
in  the  absolute  truth  of  such  a  0<f>  diagram  as  my  students  draw 
for  the  whole  of  an  indicator  diagnmi. 

I  have  already  referred  to  the  misleading  notion  conveytKl  by 
diagrams  of  cushitming.  In  further  reference  to  this  matter  I  will 
refer  to  llr.  Callendar's  thiiinnnu'ter,  whieh  was  fixt'd  in  a  hv>le 
in  the  cylinder  covi^r.  The  ri'sults  are  sht>wn  in  Fig.  .S2.>.  The 
temj>en\turi's  eorrespiuiding  to  tlu'  j)ressure  on  the  indicator  diagnim 
are  shown  in  the  full  line  curve  :  the  temperatures  given  by  tht- 
j)latinuin  therniDUiett'r  an*  slit)wn  on  the  dotti'd  curve,  the  temjKTa- 
ture  scale  (Kahr.)  being  thr  sime  for  Inith.  The  superheating 
shown  at  the  I'ud  of  thi'  e»»mj)ri'ssit)n  is  vi*ry  noticeable.  During 
a<lmission  the  temjxTaturi'  rapidly  falls.  Shortly  after  cut  oft'  the 
temperature  is  2    or  .T  Fahr.  below  that  of  tht*  indicator  diagram. 

I  hold  that  tlu»  theniHuneter  in  the  end  of  the  cylinder  in  Mr. 
Callendar's  experiments  nu*asured  something  which  wjis  very  difterent 
from  the  temperature  anywhere  else.  No  exact  description  has  In^en 
given  t>f  the  hole  inside  which  the  temperature  was  measured,  but  I 
take  it  that  it  was  a  hole  iprhich  might  be  dry  when  other  jwrts  of 
the  cylinder  were  wet,  and  that  there  probably  was  actual  mechanical 
drainage  from   that  hole  of  condensed   wati*r.     Now  all  condensed 
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water  draining  away  came  into  the  hole  as  dry  steam,  and  its  latent 
heat  is  left  behind,  heating  the  steam  about  the  thermometer  and 
keeping  it  drier  than  other  steam  in  the  cylinder.  He  obtained 
higher  temperatures  there  than  the  temperature  of  the  incoming 
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steam,  but  this  was  simply  due  to  the  dry  steam  in  the  hole  being 
wmpressed  in  the  hole.  Suppose  dry  steam  in  a  drj'  hole  with  a 
tube-like  entrance,  the  fresh  steam  compresses  it  like  a  piston, 

KxERClSE. — A  pound  of  dry  saturateil  steam  at  IOU°  C.  is  compressed  sdik- 
batically  to  the  pre^Lsure  102  II).  per  sij.  inch  by  a  fresh  charge  of  saturated  steam 
(or  a  piston).  What  is  its  temperature  T  The  temperature  of  the  Baturat«d 
iteom  which  ia  in  contact  with  it  is  iftV  C. 

This  is  very  easily  workeil  out  on  the  »^  iliagram.  R  Fig.  231  shows  itn  stat« 
before  compression  at  100'  C.  D  at  165°  C  is  liie  end  of  the  superheateil  steam 
curve  DE  of  102  Hi.  pressure,  and  RB  is  the  line  of  ailialiatic  cuinpreseion.  I 
find  on  the  <1iagram  that  E  means  32K°  C.  I  take  here  as  roughly  correct  that 
the  specific  heat  of  superheated  steam  is  0'47>'>. 

Algebraically  : — The  entropy  of  a  pound  of  steam  at  ff  is  1  '744  ranks.  Thi« 
is  also  to  be  the  entropy  at  £  of  a  {uunil  of  superheated  Hteain  at  102  lb.  per 
W|.  inth.  Now  the  entropy  of  a  pound  of  siiperlicate"!  steam  at  any  temperature 
Mid  pressure  is  given  in  (2)  Art.  201  as  l-j94  (the  entropy  at  />)  +  0'475log- 
where  1^  ■"  the  alisoliite  temperatui-c  at  i>,  and  t  is  the  absolute  temperature 
«t  E.     That  iK, 

1-744  =  I-5W  +  0-47.'i(h'g.'  -  log. 438-7) 
log.f  =  2-779.'i,  BO  thai  I  =  e»r>. 
The  temperature  at  E  is,  then,  328°  C. 

Now,  in  the  actual  experiment,  the  superheating  only  reached  SCO*  C,  bsiiig 
followed  by  a  sharp  fall. 


620  THE   STEAM   ENGINE  chap.   - 

My  figure,  328°  C,  could  only  be  reached  in  a  non-conducting 
hole  and  on  the  assumption  of  a  very  long  narrow  entrance.  The 
paper  says  that  it  was  a  hole  merely,  and  in  all  probability  the 
thermometer  was  not  far  away  from  the  fresh  steam ;  as  soon  as  the 
fresh  steam  had  a  little  time  to  mix  with  the  superheated  steam 
there  would  be  just  such  a  fall  of  temperature  as  was  noted.  Some 
of  Mr.  Callendar  8  ingenious  reasoning  concerning  dynamic  effects 
as  being  diflferent  from  static  eflFects,  with  nearly  all  of  which, 
however,  I  quite  agree,  are  really  based  upon  the  temperature 
changes  in  a  little  well-drained  pocket  of  steam  and  not  the 
average  steam  in  the  cylinder,  which  is  really  that  corresponding 
to  the  pressure. 

I  have  referred  to  this  matter  at  some  length  because  I  believe 
there  is  aliprays  water  and  the  saturation  temperature  at  all  times 
of  the  stroke,  even  in  the  driest  cylinders,  unless  a  large  amount 
of  superheating  is  employed. 

If  the  cylinder  were  for  an  instant  quite  dry,  I  do  not  believe 
that  condensation  would  readily  begin  in  the  same  stroke.  It  is  to 
be  remembered  also  that  it  is  the  existence  of  water  round  the  piston 
and  valves  that  enables  leakage  to  be  50  times  as  great  as  if  there 
was  no  water. 

I  have  had  the  opportunity  of  watching  smoke  drawn  into  a  glass 
cylinder  with  air  after  a  piston  for  the  purpose  of  noting  whether  or 
no  the  smoke  and  air  kept  separate.  Any  one  who  has  seen,  as  I 
have  seen,  the  iininediate  mixing  that  goes  on  in  spite  of  all  sorts  of 
attempts  to  keep  the  stuffs  separate,  must  know  that  it  can  only  he 
in  well-drained  hoK\s  that  any  superheating  can  possibly  take  place. 
Mr.  Callendar's  other  thiTinometer  in  the  body  of  the  steam  showt.Hl 
a  temperature  corresponding  to  the  pressure. 

But  although  I  think  the  temperature  of  the  steam  to  b<^  nearly 
the  siiine  everywhere,  I  do  not  think  it  possible  that  the  watt.T 
temperature  is  the  same  throughout.  In  much  that  follows  I  shall 
assume  it  to  be  the  same  throughout. 

397.  In  the  rough  generalisation  of  Arts.  227-238  we  have 
assumed  that  the  resistance  to  the  j)assag(*  of  heat  Wtween  steam 
and  metal  skin  is  constant,  and  we  have  neglected  the  effiH?t  on  c 
of  w'g  the  water  prestMit  before  admission.  It  is  my  belief  that 
neither  of  these  assumptions  is  sound.  A  more  caref\il  study 
of  the  whole  question  seems  to  nH»  necessixrv ;  a  studv  of  the 
growth  and  diminution  of  v\^  per  cycle.  It  must  not  be  imagined 
that  I  am  looking  merely  for  a  simj)le  formula.  Indeed,  it  is  quite 
obvious  that  there  is  no  simple  formula  po.ssible  to  express  what 
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;oes  on  in  the  cylinder  of  a  steam  engine.  We  have  all  notions 
rbout  what  occurs;  it  is  only  when  we  express  these  notions 
[nantitatively  that  their  value  can  be  judged  of.  It  is  of  no 
mportance  that  we  shall  perhaps  get  no  simple  formula.  Our 
oain  business  is  to  try  to  reason  clearly  about  what  occurs,  with 
k  minimum  of  vagueness  and  "  huggermugger." 

The  following  problems  are  worked  out  exactly  on  certain  assump- 
ions.  From  the  answers  I  shall  endeavour  to  make  reasonable 
peculations  as  to  what  goes  on  in  the  cylinder. 

398.  Problem  I.  A  perfectly  non-conducting  vessel  contains  w  lb.  of  water, 
also  dry  saturated  steam  at  the  aame  temperature  0.  Let  this  temperature  be 
supposed  to  alter,  the  steam  being  supposed  to  condense  or  vaporise  just  enough 
for  the  heating  and  cooling  of  the  water,  but  to  remain  dry  saturated  steam.  If 
/  is  the  latent  heat  of  steam  at  the  temperature  0 ;  if  0  becomes  $  +  9$,  w  in- 
creases to  ir  -H  8tr  by  the  condensation  of  9w  of  steam.  Hence,  l,9w  =  w.Z0  or 
dwjw  =  dBjlf  and  as  Ms  a  function  of  0,  U7  is  a  function  of  B.  Hence,  at  the 
end  of  any  cycle,  as  B  returns  to  its  old  value,  w  returns  to  its  old  value. 

Taking  /  as  606*5  -  0*6950  we  see  that  wl'  refnains  constant  throughout,  o 

see.  Problem  II,  A  metal  vessel  of  constant  volume  and  internal  area  is 
filled  with  saturated  steam  at  the  temperature  0**  C.  and  this  temperature  follows 
a  periodic  law.  There  is  of  water  xc  lb.  per  unit  area  of  the  metal  surface 
present  at  the  time  t,  I  assume  that  steam  is  condensed  or  water  evaporated 
merely  for  the  purpose  of  keeping  the  water  at  the  temperature  of  the  steam. 
V  is  the  temperature  of  the  metal  at  a  depth  x  from  the  surface,  and  the  metal  is 
supposed  to  be  so  thick  that  time  variations  in  temperature  do  not  occur  at  its 
outer  parts.  The  metal's  thickness  is  6,  and  the  outer  surface  is  kept,  by  means 
of  a  steam  jacket,  at  the  temperature  v^  above  the  average  temperature  of  the 
steam.     We  have  in  the  metal,  as  before,  in  Art.  227, 

dx'-        k  dt ^  ' 

At  the  surface,  l>etween  water  and  metal,  if  e  is  the  emissivity  and  v^  is  the 
surface  temperature  of  the  metal, 

•       •   •  .-.-•=   \''£ (2) 

e  ae 

Also  the  condensation  of  water  occurs  according  to  the  law 

(r,-»).  +/-^^   =«-rf7 <3) 

/  being  the  latent  heat  of  steam  at  the  temperature  6.  It  will  be  noticed  that  I 
assume  an  instantaneous  establishment  of  equilibrium  of  temperature  between 
steam  and  water  ;  I  wish  I  could  work  to  a  more  complex  condition,  but  this 
will  suffice  for  my  present  object. 

0  and  ?'o  *re  periodic  functions  of  the  time.  I  have  often,  with  my 
students,  worked  out  the  problem  on  the  assumption  of  the  most  general  shape 
of  periodic  function,  but  it  will  be  found  quite  sufficient  to  take  the  tlmplest. 
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as  in  Art.  227.     Let  the  skin  temperature  of  the  metal  be 

To  =aBinqt  +  Bq  +  kv^/{eb  +  k) (4) 


We  know  that 


v^ 


and 


(5) 


V  =  a§  ' •* ain(qt  -  ax)  +  $0  +  a  -r      ,  {h  +  ear) 

"         eo  +  it- 

(ka         \  ka 

—  +  1  jsin  qt  +  a — cob  qt  +  $„    ... 

where  if  7  =  2irti,  a  =  \^inisp/k 

i3)  is 

dw      w  do  _  (9  -  ro)€ 

di  '  1  di"         1 
Now 

f     ide  ,^      f    de      r       -de  1   ,    ,       ,1 

say,  and  hence  we  see  that  the  solution  of  (3)  is 

w  =  l-''fefl"^($-VQ)dt'i-c\ (6) 

where  c  is  an  arbitrary  constant. 

I  am  sorry  to  say  that  I  can  perform  this  integration  only  approximately- 
I  am  aware,  from  my  experience  in  electrical  work,  how  dangerous  approximate 
calculations  are  likely  to  be  in  dealing  with  periodic  functions,  but  I  feel  satisfie^l 
that  my  solution  is  sufficiently  correct  for  my  present  purpose.  Once  I  remem- 
ber laboriously  working  out  a  second  approximation,  and  the  correction  did  not 
affect  the  conclusions  which  this  first  approximation  leads  to.  The  latent  heat  / 
being  /q  "  '695(0  -  $q)  where  /q  is  the  latent  heat  corresponding  to  ^o"  C,  my 
approximation  consists  in  taking 

,.-.  =  ,„.-.  {  ,  _  •6?^(^)(i^.)J  ^  ,„._.  |i  _  •3(«(,  _  .^,\ 

I  only  want  to  know  thasc  terms  in  w  inrhich  are  not  periodic  j  terms 
which  increase  or  diniininh  steadily  with  the  time. 

On  writing  out  (0)  there  are  many  terms,  each  of  which  is  easily  integrateti, 
jind!the  answer  is 

If'  —  Perifxlic  tenna  +  f/~*/n*~*     I  Periodic  terms  ~ 

L.l'-  ('■'Wa)}'}       <'^ 

The  answer  is,  as  I  have  said,  approximate.  In  calculating  its  value 
numerically,  to  get  ideas  of  its  meaning,  we  may  take  /„  instead  of  /. 

1  find,  using  -4  for  the  amplitude  of  6  or  \  (0,  -  0^)  and  dividing  the  non- 
])eriodic  terms  by  «,  that  the  diminution  of  w  jK'r  cycle  is 

1  r   '  kr'  -,305.4 «  f  ,,         ,,,   ,) 

n  Voih  +klt)  V      (I  +  elK'a)-+  1  J 

The  steam  jacket  effect  was,  of  course,  obvious,  and  we  need  not  have 
carried  it  through  all  the  work  as  we  have  done.  The  other  term  was  not  by 
any  means  so  obvious.  We  see  that  if  c  is  0,  so  that  it  is  as  if  the  metal  of  the 
cylinder  were  non-conducting,  there  is  no  loss  of  w  per  cycle,  as  we  found  in 
Art.  398. 
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If,  as  we  may  presume  that  it  often  is,  e  is  small,  and  we  neglect  the  steam- 
jacket  effect,  we  find  the  loss  of  w  per  cycle  to  be  proportional  to  Ah/n  or  to 

c(«i  -  «3)V» (9) 

If  e  is  large  enough  to  make  the  amplitude  of  Vq  nearly  the  same  as  that  of 
the  steam,  the  lessening  of  w  per  cycle  is  proportional  to 

{9i  -  a,)VVn (10) 

A  Tery  strlklnff  result,  showing  that  the  metal  acts  in  an  altogether  different 
manner  from  that  in  which  a  quantity  of  water  would  act. 

I  will  here  indulge  in  a  little  speculation,  and  say  that,  just  as  in  Art.  230, 
the  departure  from  the  sine  function  form  of  temperature  change  will  be  to 

cause  us  to  use  as  the  coefficient  of  (tfi  -  tf.)*  neither  "r-  nor  -  but  ~7-  .where 

e  is  proportional  to  the  emissivity  when  small,  but  approaches  a  constant  value 
when  the  emissivity  is  great,  and  where  g  and  h  and  c  are  constant. 

4>00.  I  shall  now  try  to  approximate  in  a  few  problems  which  may  be  worked 
out  mathematically  to  the  departure  in  the  actual  condition  of  things  from  the 
above  assumptions  of  Problems  I.  and  II.  There  can  be  no  doubt  that  Problem  II. 
gives  us  pretty  clear  notions  of  the  effect  of  the  conductivity  of  the  metal,  our 
only  trouble  in  this  connection  being  our  want  of  knowledge  of  e.  In  what 
follows  I  shall  assume  a  non-eondactlnc  cylinder. 

Problem  III.  Admission — Expansion — Release, — Non-conducting  cylinder — 
Dry  saturated  steam  supplied. — My  reasoning  will  be  mathematically  correct 
on  certain  assumptions  which  ought  to  be  criticised.  I  shall  always  neglect  the 
volume  of  the  water,  and  assume  its  specific  heat  to  be  constant. 

1.  AdnilBSlon. 

My  assumption  is  that  the  steam  is  supplied  at  the  pressure  pi.  Whether 
there  is  wire-drawing  or  not  does  not  matter,  as  I  assume  that  valves  and  metal 
ever^-where  are  non-conducting.     The  vessel  is  of  volume  F,  containing  w^  lb. 

of  water  and  V/u^  lb.  of  steam.    The  intrinsic  energy  of  1  lb.  of  steam  ia  H  -^ 

if  Regnault's  total  heat  H  is  in  heat  units.  J  is  Joule's  equivalent,  p  the  pressure 
in  pounds  per  sq.  foot,  u  the  volume  of  1  lb.  of  steam  in  cubic  feet. 
The  intrinsic  energy  of  the  stuff  before  admission  is 


^(^.-T) -'.••• 


After  admission  we  have  F/tij  lb.  of  steam  and  tr^  lb.  of  water.  So  that 
the  quantity  of  stuff  which  enters  is  V/ui  +  Wj  -  ( V/u^  +  Wj).  The  intrinsic 
energy  is  now  VHJu^  -  VpJJ  +  w^B^ 

Every  pound  of  steam  entering  gives  to  the  vessel  the  total  energy  J7„ 
because  it  brings  with  it  its  own  intrinsic  energy  Hi  -  PiUi/J,  and  also  it  has 
the  work  piUi  done  upon  it  by  the  steam  which  follows  it  up.     Hence 

VHJhj  -  VpJJ  +  iTja,  -f  /r,  {V/u^  ^  tr,  -(F/h,  +  iTj)}  =  HiVlui-VpJJ+Wi9^. 

Hence,  if  tr,^  is  V/it^,  the  weight  of  the  steam  alone  which  is  with  the  water 
before  admission,  we  have 

-r,  =  «,,(^,  -  »,)//,  +  tt.,»{£^.  -  -ff,  -  (ft  -PiW/}/*,. 

I  am  particuhrly  uizioua  to  know  the  effect  of  k^'  (or  nther  of  the  rolnme) 
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in  diminishing  the  water,  but  I  have  alao  calculated  other  coefficiente  in  tli 
following  cases.  If  it  is  recollected  that  tr,^  is  always  a  very  small  quaotity,  i 
will  be  seen  that  the  drying  effect  due  to  volume  is  not  great. 


e^ 


195' C. 


180 


». 

■ 

(r;)' 

155^ 

C. 

tOi 

... 

1  09211?, 

-0123 

w 

1-092 

100 

Wi 

^ 

1*209  u>. 

-  1033 

tl^l 

1*218 

60 

^1 

^ 

1*295  IT, 

-5301 

w  1 

1 

1-311 

145 

w^ 

_ 

1  -077  w^ 

-  0107 

«,,>  1 

1*077 

100 

tr, 

^ 

inotr, 

-  0-699 

IT.* 

1177 

60 

U7l 

^^3 

1  -258  ir. 

-  3-70 

1 

1-267 

It  will  be  evident  from  the  magnitude  of  the  other  sources  of  growth  »i 
diminution  of  w  that  we  may  neglect  the  effect  of  tr,*  as  a  disturbing  elemeut 
our  reasoning.     I  shall  speak  again  of  the  relative^magnitudes  of  the  disUurbii 
elements  in  Art.  403. 

In  my  generalisation  of  Art.  398,  I  assume  that 


»r, 


-{& 


(1) 


ir,  =  ir,  - 


(2) 


ftnd  the  student  will  notice  here  the  discrepance.     Neglecting  the  evaporati 
etfect  of  the  clearance  volume,  we  now  tind 

/.     

What  is  the  reason  that  there  is  any  difference  ?  It  is  this : — To  get  (2 
assume<l  that  ihert*  was  etpiilibrium  of  temperature  everywhere  only  at  the 
ginning  and  at  the  end  ;  when^as  to  get  (1)  1  assunuHl  e<iuilibriuni  of  temperati 
at  every  instant  during  the  change  fn)m  $^  to  $^.  In  {2)  it  is  the  same  kind 
dry  siiturateti  steam  which  is  condensing  all  the  time  ;  whereas  in  (1)  the  o 
liensing  steam  gradually  altera  in  character.  A  small  amount  of  wetness  in 
entering  sttMim  will  cause  the  non-reversible  oj>eration  to  province  the  same  efl 
as  the  rt»versiblo  one. 

-J.  Adlabatlc  Expanaion. 

Tins  is  oaMly  worked  out  on  the  $^  diagram.  I  shall  here  work  it  • 
uli;cbi;»icrtUv  :  »r,  lb.  of  water  and  •  lb.  of  indicale<i  steam  in  a  cvlinder  at 
e.\|Muds  .idiaUiticulIy  to  $.^,  lH»ct»ming  ir^  lb.  water  and  ir^'  lb.  steam. 

Let  0       loji  -  1h»  the  entropy  of  1  lb.  of  water. 
U't  ^   -  ♦  f   ,  1k»  the  entrt>py  of  1  lb,  of  steam. 
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The  entropy  at  the  beginning  is  equal  to  the  entropj'  at  the  end,  and 

therefore 

t»i^,  +  i>i  =  tPj^a  +  tr,»ifa 

Also  iCg^  =  iCi  +  i  -  irj 
Sence 

»,  =  ...(i-fMog.y..(i-;-;J;-i;io«.y...   (3,^ 

In  my  generalisation  I  assume  that  the  term  created  by  w^  is  '^i(  i^j 
Fhe  following  examples  show  what  sort  of  difference  exists  : — 


2 

5 

13 


2 

5 

13 


2 
5 


2 
5 


». 

«2 

i-^Mog.;-. 

195 

»» 

165 
130 
102 

•941 
•883 
•845 

175 

tt 

142 

117 

90 

•937 
•897 
•859 

155 

»» 

130 
104 

•953 
•911 

135 

I    »» 

113 

87 

:       -960 
•917 

o 


115 


95 


•964 


•962 


The  value  of  Pi/Pt  is  roughly  called  r  merely  for  the  purpose  of  giving  lome 
notion  of  the  amount  of  expansion  Me  are  dealing  with. 

I  take  it,  as  I  did  iu  1S73  when  I  first  wrote  on  this  subject,  following 
Rankine,  that  it  is  the  term  in  %  that  is  the  most  important  urettlnc  t«m  in  the 
whole  cycle.  This  is  a  term  which  is  distinctly  added  on,  and  not  contemplated 
in  our  generalisation  over  Problems  I.  and  II.     It  may  be  written  as  above. 

Or  in  the  handier  form  for  calculation  from  the  steam  table 

i(^y-^) 

if  ^  is  the  entropy  of  a  pound  of  steam  and  ^  the  entropy  of  a  pound  of  water. 
According  to  our  generalisation,  and,  indeed,  according  to  the  next  section, 

a  quantity  of  water  tc,  becomes  after  release  tr,  i  -\    and  conaeqaently  the 

addition  of  water  per  stroke  on  account  of  adiabatic  expansion  ti 


(4) 


■id-m) "> 


ti   8 
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We  particularly  want  to  know  how  the  above  ooefficient  of  t,  the  wetting 
term,  depends  upon  r,  the  ratio  of  cut-off,  and  I  have  calcolated  ita  valm  ts 
many  cases.  The  result  is  very  interesting.  Taking  r  roughly  as  pjfif  where 
Pi  is  the  initial  pressure  and  p,  the  pressure  at  the  end  of  the  expaniioD. 
Taking  0,  as  60"*  C.  in  a  condensing,  and  as  100""  C.  in  a  non-oondenaing  engine  I 
find : — 


13 


CondenBixig  engine. 


Ih 


203 
130 


Kon-CondenBing  engine. 


Wetting 
coefficient. 


203 

•038 

130 

•043 

79 

•037 

46 

•035 

25 

•038 

203 

•084 

130 

•083 

79 

•084 

46 

•085 

129 
129 


13 


Pi 


Wetting 
coettcient. 


203 

130 

79 

1 

-041 

1M7 
•040 

i 

203 
130 

79 

1 

1 

•093 
■090 
-090 

203 

1 

•138 

On  the  whole,  I  am  inclined  to  think  that  with  great  exactness  we  may  ny 

that  the  wetting  co-eflclent  is  independent  of  7>,,  is  nearly  independent  of  ;>|f 

cr 
and  may  be  taken  as  being  representeti  by  where  c  and  q  are   constant* 

"  q  -r  r 

in  l)oth  condensing  and  non-condensing  engines  at  all  pressures,     r  seems  to  1* 

about  "2')  in  non -condensing  and  •2*24  in  condensing  engines. 

3.  Exhaust. 

The  following  investigation  is  put  forwanl  with  some  diffitlence.  The  action 
is  irreversible,  and  I  have  no  doubt  that  my  assumption  will  be  objecte^l  to.  1 
am  not  aslmuied  to  say  that  I  have  worrietl  over  it  a  great  deal,  and  in  some 
years  have  had  nmch  corresjxmdence  about  it  with  friends  M'ho  are  acknowledge*! 
authorities  on  thermo<lynamics.  It  seems  at  first  an  easy  problem.  It  has 
been  given  uj)  as  insoluble  or  too  troublesome  by  some  of  my  friends,  and  I 
cannot  accept  the  too  cjisy  solutions  of  the  others. 

»/',  lb.  of  water  an«l  j'^^  lb.  of  steam,  If  lb.  altogether,  in  a  non-conducting 
vcs.»«el  of  volume  r,  release<l  to  a  con<lenser.  Find  the  amount  of  water  remain- 
ing, asMumiiig  no  revtrl»eratory  l>ackrtow.  Neglect  the  volume  of  the  water. 
At  anv  instant  let  there  be  u-  lb.  of  water,  so  that 


ir  =  »r  +  - 


u 


.lust  previou.nly  ]V  was  W  +  hW,  »/'  was  ir  +  Bw,  and  tem])erature  was 
6  -r  8^.  The  intrinsic  energy  of  the  stuff  now  present  is  what  it  was,  except 
that  the  volume  was  u.BW  less  than  it  now  is.     Imagine  the  escape  to  take  jdace 
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through  a  small  hole  gradually.  We  have  W  lb.  of  stuff,  w  of  water,  and  a 
volume  V  -  ti .  8  IF  of  steam,  expanding  to  the  volume  v  doing  the  work  ^ .  S  H^ 
in  driving  slowly  the  stuff  S  W  out  of  the  hole  (the  hole  being  led  to  by  a  long 
fine  tube,  perhaps) ;  therefore  its  intrinsic  energy  is  now  less  by  this  amount. 

•n  —    %i      Jt  W 

K?  +  Jit  of  water  had  the  intrinsic  energy  (6  +  86)  (ir  +  Jir)  J  and '— — lb. 

^  n  +  8ii 

of  steam  had  the  intrinsic  energy, 

\H  +  8^  -  (p  +  «p)  (u  +  lu)lJ\  ^~  — 5^ 

Subtracting  ^—j—  from  the  sum  of  these  and  equating  to  the  intrinsic  energy 


now,  or 


xc9ArlH-^\w  -  tr) 


we  get  an  equation  which  reduces  to 

dw      w  __        523  -  9 
di  '  1  "'  ^  'hU~ 

where  t  =  273*7  +  9,     Letting  ;^^  be  called  ••  we  find 


tr 


.,-(-./!SpV..«.c} 


where  C  is  an  arbitrary  constant. 

Taking  values  of  9  from  125**  C.  to  90*"  C.  I  have  plotted  the  values  of 

523  -  9 

1*~^  and  found  that  it  might  be  expressed  with  great  accuracy  as  a 

function  of  9. 

•8829  -  -023096  +  -00021  6», 

which  enables  the  integration  to  be  performed  easily. 

Letting  tr  =  u^  when  9  =  A,  it  is  easy  to  find  C,  Also  let  vjii^  be  called  tr,* 
the  weight  of  steam  present  before  release  ;  then  the  water  tr,  present  at  the 
end  of  the  release  is 


w 


,  =  tr,  ^^ y  +  w^i^  { •8829(«,  -  «,)  -  "01 154(«,«  -  a,«)  +  -00007 («,'  -  9^)\ ...  (6) 

To  see  the  effect  of  the  amount  of  steam  present  when  water  and  steam  are 
released,  I  have  worked   out  the  values  of  the  co-efficients  in  the  following 


Comparison. 

Steam  expands  from  A,  to  tfj  adlabatleally. 

Steam  is  released  from  9,  to  9^ 

Compare  the  amounts  of  water  at  the  end  of  the  two  operations. 

In  the  first  we  have  the  fraction 


(7) 


^f's  -  ^* 

In  the  second  we  have  the  fraction 

/,-»ti,{-8829(a,  -  a,)  -  ■01154(9,'  -  V)  +  00007  (V  -  9^)]  .      (8) 

I  do  not  see  any  easy  method  of  comparison  except  by  taking  numerical 
examples: 

8  s  2 
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i 

9z 

Fiuctional  amount  of  water  remalBing. 

«2 

After  adUbaUo 
expansion. 

After  releaee. 

165 
140 
110 

1            90 

60 
60 
60 
60 

•1744 
•1454 
•1011 
•0660 

•0559 
•0548 
•0501 
•0427 

165 
130 

100 
100 

•1070 
•0565 

•0669 
•0487 

117 

100 

•0335 

•0340 

It  ReemR,  then,  that  when  we  release  steam  of  even  as  high  a  pressure  u 
40  lbs.  to  the  sq.  inch,  either  to  a  condenser  or  to  the  atmosphere,  if  all  th»t 
leaves  the  vessel  is  truly  dry  saturated  steam,  the  water  remaining  is  comparable 
with  and  may  even  approach  in  amount  what  would  remain  if  the  steam  were 
adiabatically  expanded  to  the  lower  temperature. 

I  have  worked  out  the  problem,  because,  although  statements  are  often 
made  in  an  off-hand  manner  concerning  what  happens  on  release,  I  believe  that 
it  has  never  been  worked  out  before.  And  now  that  I  have  done  it,  I  cannot 
make  much  present  use  of  it,  for,  after  all,  the  steam  condensed  in  this  way  i> 
not  likely  to  remain  in  the  cylinder.  It  is  almost  certainly  carried  off  in  the 
sudden  rush  of  the  uncondensed  steam  with  which  it  is  mechanically  mixed, 
and  I  am  going  to  neglect  it  altogether  in  the  practical  use  to  which  I  mean  to 
put  my  results.  Yet  it  must  have  an  effect  in  cooling  the  valves  and  exhauit 
passage,  and  especially  when  the  exhaust  passage  is  also  the  steam  passage  will 
it  tend  to  cause  wetness.  To  make  up  for  this  neglect,  I  shall  assume  that  the 
water  due  to  the  previous  expansion  remains  in  the  cylinder.  A  more  exact 
attempt  to  utilise  my  results  would  l)e  to  take  both  into  account,  multiplying; 
each  of  them  by  a  function  of  n  which  gets  less  as  n  gets  greater.  I  have  some- 
times done  so  without  great  alteration  to  my  general  result,  but  with  the  feeling 
that  there  was  a  pretended  exactness  about  the  speculation  much  interfere*!  with 
by  my  ignorance  of  the  action  at  the  valves. 

It    is  to  be  noticed   tliat   the   amount  of   water  follows   our  old   law,   or 

jr.j  (  -'^  J  if  we  neglect  the  wetting  effect  of  the  steam  which  is  present  with 

the  water. 

Ah  1  wish  to  have  no  more  vagueness  than  1  can  help,  let  me  in  conclusion 
ask  students  to  check  the  answers  to  the  follovrlnff  exercises : — fr,  lb.  at  #| 
increases  to  »/•,  at  0^  by  (2),  and  diminishes  to  ir^  at  6^  by  adiabatic  expansion, 
acronling  to  (3),  putting  t  =  0  ;  then  further  diminishes  to  ir,*  at  ^3  by  (8).  What 
percentage  loss  of  ir  occurs  in  the  cycle  ?  We  know  that  this  is  the  closest  approxi- 
mation we  can  nuike  in  a  mathematical  problem  to  what  really  occurs  in  a 
cylinder.  If  the  cylinder  were  non-con<lucting,  and  there  was  tnermal  e<}uilibnum 
just  before  and  just  after  atlmission  and  during  the  ex])ansion  and  release,  and  if 
we  neglected  the  volume  at  a<Imission  and  at  release,  and  the  volume  of  the 
steam  at  the  beginning  of  the  adiabatic  oj>eration 


tr. 


in. 


.  =  ,,{".-)(,.;.,,,;;)(;.)• ,., 
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«i 

92 
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Fractional 
evaporation. 

Fractional 
condensa- 
tion. 

1       203 
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13 
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•010 
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13 

•001 
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130 
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•000 
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5 
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60 
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155 

130 
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113 
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•003 
•012 

46 

1 

135 
115 
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60 

•002 

•003 
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1 

2 

60 

1 
1 

•002 

These  examples  show  that  the  result  of  Problem  I.  applies  fairly  well  to  the 
more  exact  conditions  studied  in  Problem  III.  If  we  must  take  into  account 
such  small  tendencies  to  evaporation  or  condensation  as  we  here  observe  (which 
seem  to  me,  however,  somewhat  due  to  the  inaccuracy  of  our  knowledge  of  latent 
heat)  we  may  take  it  that  there  is  always  a  slight  tendency  of  to  to  increase  or 
diminish  at  a  rate  proportional  to  its  existing  value. 

401.  I  have  worked  out  my  problem  exactly  on  certain  assumptions.  Other 
assumptions  might  be  made  and  worked  to,  for  in  the  irreversible  operations  of 
admission  and  exhaust  there  are  various  M'ays  in  which  we  may  imagine  the 
water  to  condense  and  vaporise.  In  release,  for  example,  if  the  water  is  very 
thinly  spread  over  a  large  surface,  and  especially  if  it  is  on  a  metal  surface  like 
the  inside  surface  of  a  steam  cylinder  which  has  a  steam  jacket  so  that  the 
metal  is  at  slightly  higher  temperature  than  the  water  ;  the  inner  particles  of 
water  (touching  the  metal)  maybe  warmer  than  the  rest,  and  they  may  suddenly 
or  explosively  become  steam,  sending  the  other  particles  of  water  as  water  off 
into  the  outside  space.  There  is  reason  to  believe  that  this  •xploslT*  •▼•poim- 
tlon  does  take  place  in  some  steam  cylinders. 

We  might  speculate  on  the  case  of  the  wat«r  b«lii«  ta  \Kfmr%  of  varying 
temperature  as  it  is  deposited  and  removed,  but  I  have  not  yet  been  able  to 
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frame  an  easy  mathematical  problem  to  illustrate  such  a  state  of  things,  snd 
without  such  guidance  I  am  afraid  to  speculate.  It  seems  as  if  under  inch 
circumstances  the  water  might  have  a  drying  action  such  as  the  metal  has. 

Any  one  who  has  worked  in  a  heat  laboratory  must  feel  the  impossibilitj  of 
getting  more  than  mere  suggestion  from  one's  general  physical  knowledge  when 
dealing  with  this  problem.  We  know  a  good  deal  about  heat  events  that  occur 
slowly,  very  little  about  those  that  oeetar  q^ekly.  Usually  the  surfaces  of  the 
metal  are  oily,  but  even  in  large  modem  engines  in  which  oil  is  forbidden  to  be 
used  in  the  cylinder  we  can  see  that  eaplUaiT  aettons  of  a  kind  unknown  to  us 
must  be  acting  to  delay  or  accelerate  evaporation  and  condensation.  When  it  it 
almost  impossible  for  us  to  realise  the  formation  of  particles  of  water  in  a  dusUeH 
atmosphere ;  %nd  we  speak  of  this  and  other  quite  simple  looking  phenomcDi 
occurring  with  great  rapidity  in  the  cylinder,  the  surface  of  which  is  at  quite 
different  temperatures  at  different  places,  it  is  evident  that  what  occurs  inside 
the  cylinder  of  a  steam  engine  will  not  be  well  known  to  philosophers  until  long 
after  cylinders  of  steam  engines  are  only  to  be  found  in  museums. 

40a.  The  Practical  Problem.  The  above  work  gives  me  a  little  con- 
fidence in  making  the  following  assumptions.  In  future  w  will  mean  the  tot«I 
water  present  at  the  end  of  the  exhaust. 

1.  (9)  of  Art.  400  may  be  taken  as  showing  how  the  gain  of  water  w  per 
stroke  depends  on  the  value  of  w  itself.  We  cannot  use  it  in  a  less  vague  wsy 
than  what  is  8Uggeste<l  below. 

2.  Any  source  of  steady  supply  of  heat  to  the  cylinder,  not  contemplated 
in  Problem  I.,  such  as  superheating  or  mechanical  drainage  of  water,  may 
be  spoken  of  as  if  it  were  a  steam  jacket  effect.  A  negative  steam  jacket  effect 
will  represent  the  cooling  conditions  of  an  unjacketed  cylinder. 

3.  The  drying  effect  due  to  conductivity  of  the  metal  and  the  steam  jacket 
studied  in  Problem  II.  will  account  for  all  the  drying  effects  if  we  assume  that  in 
well  arranged  cylinders,  e,  the  surface  emissivity  is  very  small  where  there  is  no 
layer  of  water  on  the  met^l,  and  increaHes  in  proportion  to  the  wat«r  present, 
but  reachcH  a  constant  value  if  the  water  gets  to  be  of  considerable  amount. 

This  applies  only  to  the  case  in  which  the  water  w  coats  the  metal  In  a 
thin  layer,  and  it  is  evident  that  when  there  is  such  a  thin  la\'er  the  <lryin^' 
tendency  must  be  ever  so  much  greater  than  when  the  water  lies  in  |KK'ketj». 
IVater  in  pockets  seems  to  be  altogether  an  evil.  It  takes  in  heat  during  ri'**' 
of  temj)erature  an<l  gives  it  out  during  the  fall,  but  has  very  little  tendency  t<» 
diminution  from  one  cycle  to  another  as  it  docs  so.  Water  in  globules  cause^l 
by  oil  is  nearly  but  not  (|uite  such  a  great  evil.  Whereas  the  metal  with  a 
surface  of  small  resistance  to  the  passage  of  heat  (great  c)  although  it  actj*  evilly 
in  much  the  same  way,  yet  in  doing  so  is  always  tending  to  make  the  cylinder 
dryer.  A  sort  of  e<juilil>rium  seems  to  be  established  by  more  of  the  metal 
getting  a  little  wetter  or  dryer  on  its  skin.  I  understand  that  a  considerable 
am<mnt  of  money  has  been  spent  in  endeavouring  to  obtain  a  very  non-conduct 
ing  insi<le  skin  for  cyliiulers  ;  my  investigation  shows  that  such  a  skin  would 
really  increase  the  evils  which  it  is  intended  to  prevent. 

The  wettini:  term  due  to  exj)ansion  is  iV'/-/(9-f-r).  In  truth  r'  is  not  a 
constant  ;  it  is  su|)}>ose<l  to  diminish  at  higher  speeds  because  the  condensetl 
water  has  less  time  to  settle  down  and  is  hurried  cmt  in  release  with  the  steam. 
r'  is  also  less  as  the  dimensions  of  the  cylinder  are  greater,  because  of  the 
greater  average  distance  of  the  stuff  from  tlie  walls  in  larger  cylimiers  and 
INissages.  I  shall  call  this  term  i  Jiy  and  it  is  evident  that  without  much  altera- 
tion it  will  represent  the  wetting  effect  of  any  water  which  may  cool  the  valves 
on  release.     For  greater  generality  let  us  also  include  dr}'ing  or  wetting  terms 
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such  as  are  suggested  by  our  problems.  Thus  we  may  take  a  small  drying  or 
wetting  term  proportional  to  w  say  fiw. 

Also  a  wetting  term  bi  due  to  wet  steam  being  supplied,  b  is  probably 
greater  with  low  pressure  steam  because  of  its  less  density  causing  more  priming 
in  the  boiler  ;  also  there  is  usually  more  surface  exposed  by  the  steam  pipes  per 
pound  of  steam  supplied  per  hour.     6  is  negative  if  there  is  superheating. 

The  steam  jacket  term  which  may  also  be  called  a  drainage  term,  and  which 

may  be  negative  for  unjacketed  cylinders,  is ,  e  being  the  emissivity,  and 

v'  being  the  excess  of  the  jacket  temperature  above  the  mean  steam  temperature 

inside ;   8  is  the  average  surface.     The  metal  drying  term  is     JL^ — zMLM. — l_. 

vn  +CH 

We  might  distinguish  perhaps  between  what  I  call  average  surface  for  the  steam 

jacket  term  and  the  other,  but  this  is  really  not  important.     After  a  short  run 

under  steady  conditions  the  drying  and  wetting  balance  one  another  so  that 

tR  +  tb  =  fiw  -h  —  v'  +  Se^'  -^ — - 

^  V »  +  en 

using  ^  for  $i  -  $^, 

Now  our  notions  about  e  take  the  mathematical  shape  e  =  -i —r  where  d 

*^  1  +  mw/a 

and  m  are  constants.     Students  who  delight  in  practical  mathematics  will  find  it 

interesting  to  take  e  such  a  function  of  w  that  it  has  a  small  constant  value  when 

to  =  o  i   that  it  increases  proportionately  to  w  when  w  is  small ;   reaches  a 

maximum  for  a  certain  value  of  to  and  if  w  ia  greater  than  this,  e  slowly  lessens 

again.     I  dare  not  venture  here  to  give  the  answer  which  I  obtain  when  I  use 

this  more  complex  function,  and  indeed  in  what  follows  I  shall  confine  my 

attention  to  rather  dry  cylinders. 

4>03.  If  a  cylinder  is  fairly  dry,  the  effect  of  m  is  insignificant,  and  calling 

it  o  we  may  take 

•(/?  +  b)  =  w\fi-^-—  +  a>«  y     -  '-  I 
^  '*  v»  -^  en) 

Using  the  value  of  w  which  this  gives  us  in  Art.  230  we  find,  taking  ffi^i  (9|  +  9^ 
as  practically  constant 

'*  \'n  +  en 

The  student  must  not  imagine  that  I  propose  this  as  a  working  formula.  There 
is  no  probability  of  our  obtaining  a  cut  and  drieil  formula  of  general  application. 
I  have  askeil  students  to  follow  me  in  its  working  out  because  this  sort  of  study 
will  clear  their  ideas,  and  putting  our  notions  dovi-n  quantitatively  on  paper  gives 
us  a  better  idea  of  their  real  value.  We  can  divide  up  this  formula  for  a  rather 
dry  cylinder  into 

^      ^  +  J  +  F^^ 

L  is  the  leakage  tenn,  being  proportional  to  — . ;  R  is  also  nearly  proportional  to 

r,  but  if  the  steam  is  supplie<l  in  a  dry  state  or  slightly  superheated  as  6  may 
be  negative,  R  may  also  be  regardeil  as  proportional  to  r  -  a  constant.  RF  is 
the  predominant  term  in  the  numerator  and  this  is  a  linear  function  of  r,  in- 
creasing as  r  increases. 
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S  gets  less  as  the  cylinder  is  larger,  because  L  does  so,  and  we  saw  that  R 
also  gets  less  as  the  cylinder  gets  larger.  L  is  inversely  proportional  to  n,  and 
F  the  predominant  term  in  the  numerator  also  gets  leas  as  n  increases,  being 
inversely  proportional  to  7un  a  dry  cylinder  and  inversely  proportional  to  j^s  ins 
wet  cylinder.  As  for  the  denominator  of  the  first  part  of  y,  it  consists  of  tenm 
which  indicate  the  three  tendencies  to  drying.  The  Jacket  term  J  is  altogether 
good.  The  Water  Film  term  F,  we  notice,  does  harm  on  the  whole  ;  we  see  it 
in  the  numerator  where  its  harmful  effect  is  shown  ;  we  see  it  in  the  denominator, 
and  there  its  good  effect  is  proportional  to  the  square  of  the  range  of  temperature, 
whereas  its  bad  effect  is  only  proportional  to  the  temperature  range. 

If  I  am  right,  as  soon  as  steam  condenses  it  ought  to  be  induced  to  dnin 
away  quickly  from  a  cylinder.  This  serves  two  purposes :  first  there  is  a  diminu- 
tion of  the  altogether  evil  presence  of  heat-absorbing  water  ;  secon<l  there  is  the 
leaving  behind  it  of  its  latent  heat.  The  conditions  inside  a  cylinder  are  critioaL 
A  little  heat  given  by  drainage  or  steam  jacket  or  superheating  may  make  all  the 
difference  between  a  wet  cylinder  with  great  loss  and  a  dry  cylinder  with  little 
loss.  In  my  opinion,  a  metal  surface  dry  at  the  end  of  the  exhaust  will  take  op 
but  little  heat  and  cause  little  loss,  and  the  usual  notion  that  we  often  have  it 
has  been  invented  by  academic  persons  whose  calculations  (see  Art.  209)  are  of 
no  value  unless  this  assumption  is  made. 
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/^,107 

TheU  Phi,  107 

Zeuner's  valve,  133,  482 
Diesel  oil  engine,  466,  473-4 
Differences,  calculus  of,  239 
Differentiation,  partial,  564 
Diffusion  in  fluias,  585 
Direct  acting  steam  engine,  18 

driving,  31 
Displacement,  piston,  chap.  6 
Dissociation,  332,  441,  554 
Distribution  of  steam,  chap.  7 
Dog  sUy,  205 
Dome,  182 
Donkey  engines,  33 
Donkin's  boiler  experiments,  425-7 
Donkin's  book  on  gas  engines,  455 
Door,  fire,  fig.  224 
Double  beat  valve,  183,  186 
Double  ported  valve,  52,  148 
Dowson  gas,  260,  334,  422 

tester,  415 
Dow  steam  turbine,  257 
Drainage,  good  effects  of,  378 
Drain  cocks,  52 
Drauffht,  211,  228,  231 

chimney,  228 

forced,  ^30 

Howden's,  231 
Drawing,  wire,  79,  80,  93 
Drawings  lent  by  Mr.   Pickersgill   tigs. 

Drill,  rock,  56 

Drilling  and  punching,  2U0 

Driving,  belt,  31 

direct,  31 

rope,  31,  168 
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Driving  wheel  of  locomotive,  69 

Drop  to  receiver,  115 

Drying  effect  of  throttlinff,  354 

metal  of  cylinder,  621-3 
Dryness  of  steam,  16,  183,  353-8,  580 
Dunlop  governor,  176 

E 

Eccentric,  chap.  7 
is  a  crank,  125 
Eccentrics  of  link,  152 
Economiser,  153,  212 

Green's,  212 
Edinburgh,    temperature    experiments, 

384 
Edwards  air  pump,  45 
Effective  horse  power,  75,  256,  270-4 
Efficiencies  of  engines,  chap.  16  ;  251, 258 

steam  engines,  3,  82,  83 
Efficiency,  mechanical,  256 
of  boiler,  chap.  26 
of  firebox,  423,  427 
of  flues,  424-438,  chap.  33 
of  furnace,  423-7 
of  gas  engine,  260,  281,  447-9,  454, 

457,  468-9,  473 
of  locomotive,  258 
of  mechanism  of  engines,  102 
of  oil  engines,  462,  466 
of  power  transmission,  283 
ratio,  99 

steam,  256,  290,  296-301 
Ejectors,  617 
Elasticities,  563,  567,  571 
Electric  accumulator,  263-4 
cabs,  264 

engines,  efficieiicv,  4 
Lighting  Co.,  Hove,  252 
power,  104.  27r),  283 
traction  and  lighting  engines,  280 
units  of  power  and  energy,  250 
Electro-chemical  action,  206 
Emery,  299 

Emitwivity  for  heat,  328 
Ends,  manhole  in  cylinder,  tigH.  30,  38,  41 
Energy  account,  chap.  16 
how  diH)x>se4l  of,  103  5 
intrin»<ic,  Xil 

of  steam,  353 
an<l  money,  2r)2 
imt lire's  stores  of,  1 
of  <!oal,  3 
of  H  gas,  Tmo  () 
of  earth's  rotation,  2 
of  the  sun,  3 

waste<l  in  collisitin,  .'iJM)  6<M) 
Murk  and  heat,  <-hap.  21 
Kntropv,  chaps.  '2-2  2.'< 
oi  air,  24:J,  340,  :r>l 
analo>;y,  art.  1!>0 
curves^  :V2i),  47' »,  chap.  23 
of  isteani,  244,  .S20,  346,  chap.  23 


Entropy  of  superheated  steam,  352 

and  temperature,  107,  387,  348, 470 

of  water,  243 
Equilibrium  valve,  188,  186 
Equivalent   ecoentric  ^in    link    motioQ, 

chap.  28 
Errors,  indicator,  87,  90 
Ether,  319 
Evaporation  condenBer,  160 

and  capillarity,  560 

from  Lancashire  boiler,  177 

standard,  250,  411 
Evaporative  power    neoessary  losMS  in, 
406 

condenser,  160 
Examples  of  cylinders,  fig.  134 
Exchange  of   heat  between  steam  and 

cylinder  walls,  107-8,  440 
Exercises  in  mensuration,  1244 
Exhaust,  626 
Exhaustion  of  coal,  10 
Exhaust  passage,  37 

steam  injector,  616 
Expansion,  adiabatic,  chap.  28*;  624 

in  boilers,  177 

of  boilers,  181,  207 

in  gas  engine,  307 

of  erases,  306,  chap.  20 

by  heat,  305 

incomplete,  364 

law  of;  74,  105,  307,  829 

of  steam,  law  of,  285,  862 

successive,  79,  378-80 

under  kinetic  conditions,  561 

valve  (Meyer),  174,  504 

value  of,  chap.  3  ;  294-801 
Experimental  results,  391-400,  chap.  24 

work,  104 
Experiments,  Burstall'H  on  gafl  engines, 
455-7 

l)onkin'«  l)oiler,  425-7 

Newcastle  boiler,  435 
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Factor,  power  or  load,  253,  256,  279,  284 
FttirtieM  engines,  figs.  6,  H,  9,  1 1  ;  36-39, 

41,  48,  51,  52 
Fans,  2:^0 
Feetl,  chap.  9 

(lejKwit  from,  155 

heating,  153,  435 

pipe,  183,  184 

purifier,  226 

regulation,  227 

tank, 164 

valve,  190 

water  heater,  212 
Ferule,  Admiralty,  21^5 
Field  Iwiler  tul>e,'217,  425 
Figures,  areas  of  irregular,  246 
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^gear,  150 

Stewart,  valve  motion,  137 
Fmsbary  CoUege  exercises  on  gas  engines, 

470-3 
fin  bars,  figs.  154,  202,  206 

box  efficiency,  423,  427 

door,  fig.  224 
Pitting  block,  182 
fUt  parts  in  boilers,  179,  204,  205 
now  of  steam,  373,  604-61 1 

and  leases,  adiabatic,  604-611 
Inctnation  of  speed,  111 
Ine  rings,  202 
Ines,  178,  191 

oormgated,  181,  203,  220 

efficiency  of,  424-438,  cbap.  33 

friction  in,  229,  585-7,  595 

strength  of,  201-2 

theory  of,  chap.  33 
laid,  jets  of,  chap.  34 
loids,  how    they    give    up    heat   and 

momentum,  chap.  33 
ly  wheels,  31,  33,  111,  chap.  10 

on  board  ship,  176 
^oroe,  work  done  by  varying,  247 
^oroed  draught,  177,  230 
Corce  pump,  158 

''orces  in  eneine,  32,  109,  113,  chap.  29 
''ormuUe,  calculation  from,  chap.  15 

for  properties  of  steam,  318-328 
''oundations,  31 

i*ourier  series,  113,  386,  511-4,  530 
''our- valve  engines,  81 
'"rame  plates  of  locomotive,  68 

relief,  52,  148 

strength  of,  113 
""rames  of  engines,  27,  53,  54,  57,  113 
•'*rench  locomotive  experiments,  430-433 
'"riction  in  engines,  75,  256,  270-5,  295 

fluids,  559 

flues,  229,  585-7,  595 

indicators,  92 

of  ship's  skin,  267 
fuel,  chap.  25 
furnace,  efficiency  of,  423,  427 

supply  of  air  to,  210 
«'usible  plug,  188 

G 

iallowav  tubes,  178 

;as,  l>ow8on,  2.51,  422,  439 

las  engine,  4,  chap.  27 

Acme,  455 

diagrnin,  temperatures,  307,  339 

mixture,  .S32-5 

pa]K>r,  Ayrton  and  Perry's,  474 
Ti&fi  engines. 

Acme,  455 

Atkinson,  448-9 

KlHchoff',  443 

IJrayton,  444 

BurHtall's  experiments  on,  455-7 


Gas  engines, 

Burt,  455 

Crossley,  445-457 

efficiency  of,  260-281 

Griffin,  454 

Hugon,  443 

Lenoir,  422 

Otto  and  Langen,  free  piston,  443 

Otto  silent,  444-7 

Stockport,  454 

Tangye,  453-4 

Wells,  452 
Gaseous  fuel,  421 
Gases,  capacity  for  heat  of,  310 

expansion  of,  306,  chap.  20 

kinetic  theory  of,  chap.  30 

properties  of,  chap.  20 
Gas  tester,  415 
Gately  and  Kletch,  298 
Gauge,  Bourdon  pressure,  185,  189 

glass,  188 

railway,  67 
Gear,  Angstrom,  144 

Brown's  shifting,  143 

valve,  36,  chap.  8 
Coriiss,  176,  fig.  22 
Gearing  from  engine,  31 
Giants,  1 
Girder  stay,  205 
Glass  gauge,  188 
Gooch  link  motion,  137,  141,  495^,  527, 

530 
Governing  by  throttle  and  cut-off,  290-1 
Governors,  chap.  10 

Armington  and  Sims,  142 

Blaine's  papers  on,  176 

Brown's  marine,  176 

Hartnell,  167 

theory  of,  169,  174 

Watt,  166 
Graphical  slide  valve  calculations,  133» 

chap.  28 
Gray,  Macfarlane,  332,  488,  558,  582 
Gray's,  Macfarlane,  diagram,  107 
Green's  economiser,  212 
Griffin  ffas  engine,  454,  463 
Griffith  s  experiments,  573 
Grooving  in  boilers,  159,  206 
Grover,  442 
Guides,  27,  31 
Guns,  6 
Gvrcwtats,  176 
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Hackworth's  gear,  143,  502,  514 
Halpin's  system  ojf  storage,  208 
Hammer,  water,  184 
Harmonic  valve  diagram,  508-9 

analysis,  513,  527-8 
Harrison,  547,  549 
Hartnell  governor,  167 
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Heat  and  work,  chap.  21 

capacity  of  gases,  310 

coefficients,  3«36 

emissivity  for,  328 

engines,  waste  in,  3,  103 

exchange  in  cylinder,  108 

expansion  by,  305 

latent,  304,  310 

measurement  of,  308 

momentum  carried  by  fluids,  chap. 
33 

reception  in   gas  engines,  338-340, 
466,  472,  480 

resistance,  591-504 

specific,  309-314,  565-9,  570-1 
of  gases,  332 

of  products  of  combustion,  408 
of  stuff  in  a  gas  engine,  439 
of  superheated  steam,  chap.  17 

of  steam,  total,  99 
Heater,  feed  water,  212 
Heatinff  feed  water,  153,  435 

in  boilers,  chap.  13 

surface  in  boilers,  429 
Heats,  latent  and  capacities,  336,  565-9 
Heaviside  operators,  387 
Hero  of  Alexandria's  engine,  6 
Him,  440 

History  of  steam  engine,  6 
Hogging  in  boilers,  181,  207 
Holes  in  boiler  shell,  181,  183 
Homsby  Ackroyd  oil  engine,  459,  464-5 
Horse-nower  brake,  75,  256,  270-4 

inaicated,  95,  97 

hour,  250 
Hove  Electric  Lighting  Co.,  253 
Howden's  draught,  231 
Hugon  gas  engine,  443 
Humphrey  Potter,  80 
Hunting  in  governors,  173 
Hydraulic   mean   depth,    229,  428,   429, 
433,  591 

power  stationR,  33 
transinisMion,  282 

test  of  Ixjilers,   177 
Hydrogen,  combustion  of,  403 

in  coal,  418 
Hyperbolic  logarithms,  243,  288 
Hypothetical  tliugraiu,  chap.  17 
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Indicator,  Crosby,  fig.  73 

diagram,  39,  40 
area  of,  247 

errors,  87,  90 

Perry's.  116 

Richards',  90 

vibrations  of,  92 
Indicators,  chaps.  4,  5 

friction  in,  92 
Inequality  of  distribution  of  steam,  510 
Inertia  of  moving  parts,  chap.  29 
Initial  condensation,  78,  81,  101,  ohq^ 

24,35 
Injector,  161 

theory  of,  611-617 
Inside  cylinder  locomotive,  67 
Instability  inside  cylinder,  378 
Intrinsic  energy,  337 

of  steam,  353 
Isherwood's  experiments,  435 
Isochronism  in  governors,  171 


Jacket,  18,  116,  fig.  134 
Jacketing,  369,  376-7,  380 
Jet  pump,  Thomson's,  601-4 
Jets  of  fluid,  chap.  34 
Joints,  riveted,  178,  180,  199-202 
Joule's  air  engine,  343 

condensing  apparatus,  425 
Joy  gear,  144,  516,  524-5 
Joy's  assistant  cylinder,  149 
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Kelvin's,   Lord,  suggestion  for  warming 

buildings,  342 
Kettle,  Watt  and  water  in,  14 
Kinetic  conditions  (»f  evaporation,  561 

ex()Hnsion,  561 
Kinetic  and  static  conditions  of  evapora- 
tion, 560 

theorv  of  gases,  chap.  30 
Kletch.  (latelv  and,  298 
Kmnking,  30,*  114,  115 


Igi)iti<»i)  ill  oil  engines,  459 

ranidity  of,  in  gas  engines,  439 

tu»>e,  4>)<M 
Impn>veinents  in  gas  engines,  454 

in  manufacture  of  l>oilers,  201 
Increase,  rate  of,  '2'M) 
In<le{H'ndent  cut-off  valve,  174,  504 
Indicated  ttn<l  brake  |K)wer,  75,  270-4 

horse-jxiwer,  95,  97 
8tc  am,  1(X) 


r^ncatihire  boiler,  chaps.  11-13 
I^uchester's  starting  gear,  453 
I^ngen  engine.  Otto  and,  443 
Uj),  129 
Utent  heat,  304,  310 

of  steam,  99,  571 

heats  and  capacities,  336,  565-9 
Laval  turbine,  63,  64, 257 
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of  expanBion,  105 

of  steam,  285,  362 

Becond  law  of  thermodynamics,  340- 
2,  568,  chap.  31 

Willans,  82,  83,  104,  158,  278,  290, 
292 
of  adiabatic  expansion,  373 
iioad,  alteration  of,  in  valve  motions,  138 
s,  389-391 

pwt  valve,  81,289 

mr  engine,  442 
«¥el,  water,  in  boilers,  185,  188 
^erer,  reversing,  76 

safety  valve,  192 
dghting  Co.,  Hove  Electric,  253 
ignite,  417 

ime,  sulphate  of,  155,  225-6 
inear  law,  270-281 
iner     and     cylinder     body,     packing 

between,  figs.  36,  39,  40 
ink,  Allan,  137,  141,  498 

eooentrics  of,  152 

Gooch,  137,  141,  495,  496,  527,  530 

motions,  chaps.  8,  28 

motion,  swinging,  141 

skeleton  drawings,  499,  500,  511, 

530 
Stephenson's,  70,    137,    140,    174, 
496,530 

sliding  of  block  in,  499,  529 

theory  of ,  chap.  28 
lOad  on  engine,  alteration  of,  289 

governor,  172 

or  power  factor,  253,  256,  279-284 
cocker,  air,  230 
ooomotive  balancing,  30,  69,  71,  535-7 

boiler,  217 

compound,  71 

description  of,  67,  71 

efficiency,  258 

experiments,  French,  430-433 

feed  regulator,  71 

frame  plates  of,  68 

inside  cylinder,  67 

outside  cylinder,  67 

reversing  gear,  70 

slide  valve,  129 

speed  of,  535 

valve  gear,  70 
logarithms,  chap.  15 

Napierian,  243,  288 
oring  and  Emery,  299 
osses  in  evaporative  power,  necessary, 

408 
ow  water  safety  valve,  191 


M 


[acfarlane  Gray  on  specific  heat,  558, 
582 
Grab's  construction,  488 
diagram,  107 


Machine,  the  animal,  4 
Management  of  boilers,  195 
Manchester  students,  587 
Manhole,  183 

in  cylinder  ends,  tigs.  36,  38,  41 
Marine  ooilers,  cylindric,  219-225 

governor,  176 

prcpulsion,  265-270 
Marshall  gear,  143,  502,  515,  523 
Maxwell's  theorem,  555-7 
Mean   hydraulic  depth,   229,  428,   429, 

433, 591 
Measurement  of  heat,  308 
Mechanical  efficiency,  256 

equivalent  of  heat,  573 

stoking,  21 1-  2 
Mechanism  of  engines,  efficiency  of,  102 
Mensuration,  exercises  in,  244 
Metal    of    cylinder,   drying   effects    of, 

621-3 
Methods,  boiler  shop,  200 
Meyer,  independent  cut -off  valve,  174,504 
Missing  water,  78,  81,  100,  116,289,  295, 
297-300,  chap.  29 

experiment  results,  391-4<H> 
Mixing  of  fluids,  585 
Mixture,  gas  engine,  332-5 
Models,  118,  127 

tank  experiments  with  ship's,  268 
Modem  boiler  recjuirenieiits,  177 
Moment,  turning,  32 
Momentum  and  heat  given  up  by  fluids, 
chap.  33 

cylinifer,  149 
Money  and  energj-,  252 
Motion,  Allan's  link,  137,  141,  498 

Armington  and  Sims'  valve,  142 

Gooch  link,    137,    141,  495-6,   5*27, 
530 

Swinging  link,  141 

link,  skeleton  drawings  of,  499,  5*N>^ 
511,530 

of  piston,  537-545 

parallelogram  of  crank,  489 

reciprocating,  118 

simple  hannonic,  123,  4S1-6 

Stephenson  link,   7'^,   137,  140,  174» 
496,  530 

Stewart-Fink  valve,  137 

Tappet,  176 
Motions,  combination  of,  4S8-492 

parallel,  9 
Muller's  construction,  48S 
Multitubular  boiler,  212 
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Napierian  logarithms,  243, 2HK 
Napier's  experiment   on  flowing  steam, 

609 
Natural  gas,  422 
Nature's  stores  of  energy,  1 
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Naylor  safety  valve,  194 

Necessary  losses   in  evaporative  power, 

408 
Newcastle  boiler  experiments,  435 
Newconien's  engine,  6,  9 
Nicolson,  Callendar  and,  385,  389,  392, 

561,593 
Non-condensing  engines,  Willan's  trials, 

289,  295,  299 
Nuisances,  12 
Numerical  calculations,  chap.  15 
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Octaves,  creation  of,  517-526 

in  harmonic  motions,  507-531 

in  piston  motion,  540 
Oil  as  fuel,  421 

l>ehaviour  of,  459 
Oil  engine  efficiency,  462-466 
Oil  engines.  Bray  ton,  444 

Britannia,  4(Mi 

Campl>ell,  466 

Crosaley,  46(> 

Diesel,  473-4 

Hornsi)y  Ackrovd,  464-5 

Priestnian,  458-64,  466 

Wells,  466 

Wevman,  466 
Oil  gas,  421 

spirit,  engine  using,  45 
Operators,  Heaviside,  387 
Ordinary  steam  engine,  18 
Orifices,  flow  of  steam  and  gas  from,  604- 

611 
Otto  and  Langeii  engine,  443 
Otto  giis  eiigiiifs,  2()t»,  445 
Outside  cvlinder  loiomotives,  67 

laj).  i21* 
Oval  vjilvf  diairrain,  4S7,  510 
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PjickiiiL',  *24 

bet  Weill     liner    and    «vlinder    IkmIv, 
list's.  .SO,  :V.),  40  * 

Paper,  H(|Ua!'ed,  .'il.") 

on  vc<»vei  nor,  Blaine's,    17() 
PajHjrs.  Ayrton  and  PiTiy  on  gas  engines, 

4  <4 
Parallel  motions,  *.) 
Parallelo^'raiii  of  nank  motions,  489 
Parson's  stt-am  turbine,  •J.'Mi 

tuibine.  S,  I).'),  (>l).  .-)1M» 

**  Turbinia,"  S.  Im 
Partial  diflfrent  iaiion,  .")()! 
Passap',  exhau«<t,  37 
Pass  \al\c.  .'il 

PealH»dv"^  tliermodynamicM,  (tl4 
Peat,  4J6 
I'erformance,  mtjine,  'J.'jS 


Perry,  Ayrton  and,  474-479 

Perry's  indicator,  117,  388 

Petrol  engine,  45 

Petroleum,  421 

Phi  TheU  diagram,  107 

Pickersgill,  drawings  lent  by  Mr.,  fig"- 

58-64 
Pipes,  feed,  183,  184 

steam,  22,  183 
strength  of,  201 
Piston,  figs.  24-36 

acceleration,  122,  538-545 

balance,  52 

displacement,  chap.  6 

motion  of,  537-545 
octave  in,  540 

packing,  figs.  24-29 

pressure  on,  34 

roil,  34,  52 

valve,  148,  fig.  134 

velocity,  122 
letting  in  1x>ilers,  159 
Planimeter,  94 

Plates,  frame,  of  locomotive,  68 
Plug,  fusible,  188 
Point,  dea<l,  32,  83 
Potter,  Humphrey,  80 
l*ower,  chap.  16 

brake,  75,  256,  270-4 

electric,  104,  275,  283 

and  energy,  electrical  units,  250 

factor,    effect    of,    253,    256,    879 
284 

in  governors,  171 

hour,  horse,  250 

indicated  horse.  95-97 
ami  brake,  75,  27i»-4 

or  load  factor,  253,  25<),  279»  2H4 

necessary  losses  in  evajH>rative,  40H 

reserve,  in  l>oilers,  226 

stations,  hydraulic,  33 

transmission,  282  3 

an<l  water,  S3 

water,  2<)1 
Pressure,  average,  74,  94 

back,  7'),  81 

on  curveil  surfaces,  197 

in  cvlin<ler,  efleotive,  2S(\ 

of  fluids,  1.-),  34,  33<i 
Pressure  gauge.  Bourdon,  185,  189 

on  i)iston,  'M 

and  temperature  of  steam,  14,  320-3 

volume,     temperature     relations    iu 
gases,  .S31 

and    volume     of    saturated     steam, 
'MS  24 
Pressures  usual  in  engines,  Iti 
Price  of  energy,  4 

of  engines.  252 

|)aid  for  energy,  252 
Priest  man  gas  engine.  45S  464 

oil  enuine,  45.s-tU.  UWt 
Priming,  16  IS,  I  S3 
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^oducts  of  combustion,  408 

specific  heat  of,  408 
**ropeUer,  62 

shafts,  59-62 
^^operties  of  gases,  chap.  20 

steam,  chap.  19 
table  of,  320-3 
l^ropulsion  of  ships,  265-270 

by  steam  jets,  599 
l^iinp,  air  and  others,  156-164 

auxiliary-,  fig.  22  ;  158,  163 

force,  156 

jet,  601-4 

Worthington's,  fig.  22 
Pumping,  figa.  21,  22 
Punching  and  drilling,  200 
Purifier,  water,  226 


R 


Racing  of  screw,  1 76 

Radial  valve  gears,  137,  501-504 

Radiation  in  furnace,  21 1 

Railway  gauge,  67 

Ramsay,  575 

Ramsay  and  Young's  experiments,  584 

Ramsbottom  safety  valve,  193 

Rankine  cycle,  241,  320-3,  365-373 

fommla,  319 
Rank,  the  unit  of  entropy,  345 
Rapidity  of  ignition  in  gas  engines,  439 
Rate  of  increase,  239 

of  reception  of  heat,  338-340,  466, 
472,  480 
Ratio,  efficiency,  99 

of  cut-off,  242,  287 

expansion,  l>e.st,  76-7,  294-301 

specific  heats  in  gases,  557 
Rayleigh's  sound,  Lord,  13 

suggestion,  Lord,  366 
Receiver  in  comi)ound  engines,  drop  to, 

115 
Reciprocating,  evils  of,  8-14 

motion,  118 
Reflecting  indicator,  117 
Refuse,  town,  261 
Regenerator,  Stirling's,  ,"^43 
Regnault,  99,  chap.  19 
Regulation  an«l  economj*,    exercises  on, 
287 

valve,  71,  183,  186 

by  varying  pressure,  82,  83 
Regulator,  feed,  227 

for  locomotives,  71 
Relay  governor,  174 
Release,  80 
Relief  frames,  52,  148 

valves,  fig.  36 
Rer|uirements  of  mo<lem  boilers,  177 
Reserve  power  in  boilers,  226 
Resistance  of  bicycle,  263 

of  flues,  frictional,  229 


Resistance  of  ships,  265,  270 

of  vehicles,  262-4 

to  heat,  591-4 

train,  262 
Results,      experimental,      on      missing 

water,  391,  400 
Reversed  heat  engine,  Kelvin's,  342 
Reversing  sear,  chap.  8 

lever,  locomotive,  70 
RejTiolds,  Prof.  Osbome,  116,  587,  594- 

597,  598,  and  in  preface 
Richard's  indicator,  90 
Rings  of  flues,  202 
Rivetetl  joints,  198-202 
Rivets,  198 

Robinson's  experiments  on  oils,  462 
Robinson  and  Sankey,  Iwlancing,  552 
Rochas,  Beau  de,  40i) 
Rock  drill,  56 
Ro<l,  piston,  34-52 
Rods,  tail,  52 

driving,  31,  168 

transmission,  283 
Rotating  parts,  balancing  of,  533- 

S 

Safety  valve,  189,  191-5 

lever,  192 

Ramsbottom,  193 

low  water,  191 
Sankev  and  Robinson,  552 
Saturation  curve,  102 
Savery's  engine,  6 
Scale  in  boilers,  225-6 
Scavenger,  Atkinson's,  452 
Scavenging  in  gas  engines,  442,  451 
Schmidt's  engine,  superheating,  376 
Screw,  62 

racing  of,  176 

steamers,  t^in,  59 
Seating  or  fitting  block,  182 

boder,  211 
Seat,  valve,  fig.  134 
Sea  water,  deposit  from,  155 
Second  law  of  thermotlynamics,   340-2, 

568,  chap.  31 
Self  starter.  Clerk's,  453 
Seller's  injector,  experiments  on,  615 
Separator,  183 

steam,  16 
Series,  Fourier,  386,  511-514,  530 
Serpollet  four-cylinder  steam  motor,  48 
Setting  of  valv«i,  149 
Shell,  holes  in  Iwiler,  181 

strength  of,  196 
Shifting  gear.  Brown's,  143 
Ship,  f^'wbeels  on  board,  176 

models,  experiments  with,  26H 

propulsion,  265-270 

resistance,  265,  270 
Ships,  skin  friction  of,  267 

vibrations  of,  13 
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Shop  nieth(Hlf(,  boiler,  20U 

Signs  in  algebra,  237 

Simple  harmonic  motion,  123,  481-486 

Sims  and  Amiington's  governor,  142 

valve  gear,  142     « 
Sine  function,  481,  483 
Single-acting  engines,  3(),  1 14 
Size  and  evaporation  of  boilers,  177 
Skeleton  drawings  of  link  motions,  440, 

500,  511,  530 
Slides,  25,  31 
Slide  valve,  36,  ))9,  chap.  7 

double  ported,  52 

valves  in  locomotives,  129 
Sliding  of  block  in  link,  449,  529 
Slippers,  25,  31 
Smoke,  209-210,  419 

of  Welsh  and  other  couls,  209  • 

nuisance,  12 
Sound,  Ravlcigh's  and  Tyndairs,  13 
Specific  heat,  309-314,  565-9,  570-1 

of  products  of  combustion,  408 

of  stuff  in  gas  engine,  439 

Superheated  steam,  332,  569,  580-4 
Specific  heats  of  gases,  332 

Macfarlane  (tray's,  558,  582 

ratio  of,  in  gases,  557 
Speed,  effect  of,  :«0-l 

fluctuation.  111 

of  locomotives,  535 
Spherical  boiler,  196 
Spring  in  governor,  172 
Square<l  paper,  315 
Stage,  expansion,  79 
Standard  evaporation,  25<>,  411 

for  Hteain  engines,  WillaiiH*,  368 
Starting  fiigiiir,  138 

gear  for  gas  enginos,  453 

valves,  r)! 
Static  and  kinetic  eoiKlitions  of  evapora- 
tion and  expansion,  5()() 
Stationary  engines,  2<>,  .V>,  53,  54 
Station,  hydraulic  power,  33 
Stav  bar,  •J'M 

'boiler,  179,  2'>4,  JiK'i 

dog,  2<>5 

girder,  2<C> 

tube,  2(15 
Steam,  density  of,  240, 24'j,  -,71   -j 

dintribution  of,  r|mp.  7. 

etticieney  of,  2."»(i,  2iH»,  -JlMi  MW 

engine,  direct  acting,  IS 

engine  etticieiuies,  3,  S2,  H.S 
history  of, 
ordinary,  IS 

entropy  oV,  244,  32(»,  :U6.  .hap.  23 

H<.w,  vel(K  ity  of,  ,-{73,  iH\,\  {\\  1 

forniul.e  for  pn»|H'rtics  of,  3IS-Mi>s 

and  gas.  Mow  fn)ni  oritices,  ^'^^  (ill 

in<li(-ate<l,  chap.  5 

intrinsic  energvcif,  .353 

jarket,  IS,  Hg.\3<i 

jetH,  propulsion  by,,')lHJ 


Steam,  law  of  expansion  of,  76,  1U5,  SlfT. 
329 
Napier's  experiments  on  flowing,  608 
pipes,  183, 221 

properties  of,  238-244,  chap.  19 
pump,     Worthington^s,    bg.   21a 

superheated,  17,  332,  chap.  32 
entropy  of,  352 

tables  of  properties  of,  320-323 

temperature  and  pressure  of,  14 

toUl  heat  of,  99 

traps,  17 

turbine,  Dow,  267 
I)e  Laval,  63,  64, 257 
Parson's,  8,  65,  66 

wetness  of,  183,  353-7,  580 
Steel  in  boilers,  2<t2 
Stephenson's   link   motion,  70,  137,  l-W', 

174,  496,  530 
Stewart  Fink  valve  motion,  137 
Stirling's  regenerator,  343 
Stockport  gas  engine,  4o4 
Stoking,  209-212 

automatic,  211-2 
Stone V,  Dr.,  558 
Stop  valves,  184,  185,  221 
Storage,  boiler.  2o8 

in  cylindrical  veRsels,  19S 

Halpin's  system  of,  2l>S 
Store  of  energy,  nature's,  1 
Strachey,  512  ' 
Straining  in  lK»ilers,  181,207 
Strength  of  l»oiler,  chap.  12 

connecting  nsl,  1 13 

tlues,  201  2 

frame,  1 13 

parts  of  engine^.  113 

pipes,  2'>l 

riveted  joints,  190 

shell  at  holes,  iSl,  1S3 

thin  shells,  hHi 

tubes,  HH>,  2<»3 
.^Ntressesdue  to  ex|>ansion  of  l)oilen«,  ISI- 

21  »7 

in  i>arts  of  engines,  1 1.3 
StUilents,  Manchester,  .*>S7 
Stud  stav,  2<»4 

Stuffing  l)ox,  24,  figs.  7.  9,  .37 
Successive  expansion,  79,  ,379-;^» 
Suggeste«l  boiler,  457 
Suggestion,  I^»rd    Kelvin's,  for  wanning 
buildings,  :i42 

l^)ril  Kavleigh'<,  'M'A\ 
Suljihate  of  Inne,  155,  22.'»  6 
Sun's  energy,  3 
Surfai'C  con<lenser,  I5S,  ."lO.'i 

heating,  in  boiler*;,  421> 
Surfaces,  pres«iure  <»n  curveil,  197 
SujHTheated  steam,  .'tr>2,  4-hap.    17 
SuiKTheating,  ,S7o,  .37f>-7,  619 
SyndnilH,  <'hemi<-al,  402  4(W> 
System  of  draught,  How  den's,  231 
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operties  of  steam,  320-3 
> 

engines,  433-4 

rimental,  with  ship  models, 

ion,  176 

e,  absolute,  303 
of,  in  cyliniler,  386 
ustion,  415 
cylinders,  113,  307 
th,  381-9 

py.  107 
1,  238 

lents,  Edinburgh,  384 
ngine  diagrams,  3<)7,  339 
t,  chap.  18 

ure  of  steam,  chap.  19 
18o 
415 

srs,  221 
\  177 

lies,  chap.  33 
inetic,  3<i) 
r,  169,   174 
,  611-617 
ip.  28 

mics,  chap.  21 
aw  of,  340-2,  568,  chap.  31 
's,  614 

rs,  errors  of,  238 
agrain,  107 
strength  of,  196 
•of.  James,  598-604 
Jtpump,  6«)l-6<^ 
t  lx)iler,  227,  232,  233 
engines,  33 
er  engine,  79 
ilori meter,  IVA-o 
tfect  of,  :^>4 

3n  bv,  82,  S.%  104,  29<)-l 
,6f 

>rmula,  392 
i  in  gHs  engines,  451 
f  steam,  99 
,  -261 
1-4 

ting  engines,  electric,  280 
nee,  2t)2 
Drk  done  on,  247 
t64 

I,  efficiency  of  power,  28i< 
c  jxiwer,  282 
•,  -282-3 
3 

ve,  128 
am  engines,  257-8,  270-80, 

375-81,  391-400 
nes,  281,  447,  454,  457 
les,  462,  466 
s,  4'2t^^7,  430  1,  435-7 


Trick  valve,  148 

Trip  gear,  176 

Triple  expansion,  79,  115,  379 

Tube  boilers,  water,  226-236 

field,  217 

sUy,  205 

strength  of,  196,  203 
Tubes  in  boilers,  216,  217 

Gallowav,  178 
Turbines,  8,  63-66,  599 

steam,  63-66,  256-257 
De  Laval,  63,  64,  257 
Dow,  -257 
Parson*8,  256 
"  Turbinia,"  the,  8 
Turning  moment,  32,  1 10 

of  crank,  32 
Twin  screw  steamers,  59 
T}Tidairs  Sound,  13 
t  ^  diagram,  107 


U 


Units  of  energy-,  25«) 
Unwin,  Prof.,  319,  379,  462 


Vacuum,  gootl,  157 
Value  of  expansion,  chap.  3  ;  294-  301 
Valve  chest,  examples  of,  fig.  134 
Valve,  cut  off,  174,  175,  404 
diagrams,  123,  chap.  28 

harmonic,  123,  508-9 

oval,  487,  510 

Zeuner's,  133,  482 
double  beat,  183,  186 

ported,  52,  148 
engine,  four,  81 
equilibrium,  183,  186 
expansion,  174,  5<>4 
gear,  locomotive,  70 
gears,   36,  70,  chap.  8,   167,   174-6, 

chap.  28 
gear,  its  office,  72-80 

radial,  137,  501-4 
leakage  past,  81,  289 
lever  safety,  192 
low  water  safety,  191 
Meyers  independent  cutoff,  174,  504 
motion,  Stewart  Fink,  137 
motions,  alteration  of  lea<l  in.  t3S 

octaves  in,  507-531 
Nay  lor  8  safety,  194 
Ramsbottom  safety,  193 
seat,  fig.  134 
slide,  36,  chap.  7 
travel  of,  128 
trick,  148 
cylindric,  fig.  22 
feed,  190 
four.  81 
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Valve,  locomotive  slide,  129 

pass,  51 

piston,  148,  tig.  134 

regulation.  71,  1H3,  IHG 

relief,  Hg.  .% 

safety,  1S9,  191-5 

setting  of,  149 

starting,  51 

stop,  184,  185,  221 

vacuum  on  boiler,  188 
Vapour  engine,  binary,  2tt<) 
Vapours,  319 
Van  (ler  Woals,  556,  559 
Varying  pressure,  regulation  by,  82,  83 
Vehicles,  resistance  of,  262-4 
Velocity  of  flow  of  steam,  (W 15-61 1 

piston,  122 
X'ertical  boilers,  21  (J 
Vessels,  air,  ItM 
Vibrations  of  engines,  8  -U,  28,  chap.   29 

indicator,  1*2 

ships',  13 
Vibratory  etlects,  113,  114 
Virial,  558 
Viscosity,  559 

Volume,    relation   to    temperature    and 
pressure  in  gases,  331 


W 


Warming  buildings,  Kelvin's  suggestion, 

342 
Waste  in  licat  engines,  3,  1 03 
Water,  air  in,  5(><» 

riroulatioii  of,  217 

consumptinn  of.  9!» 

in  tvlindtT.  IS,  .S2S,  :^'i\  3.  rlmp.  35 

dt-nsitv.  32n  3,  327 

t-ntropv  of,  243 

fftMl.  I'lMi,  .liap.  <),  L>12.  221) 

;:as  421-2 

hiininu'i'  rtb'ct^,  1S4 

hr.itt'i.  UmmI.  'J  1 2 

jjn-krt  111  Kas  i'ii;4inf»<,  477 

in  krtllr,  1 4 

Ifvtl  in  boil.T".,  IS.'),  ISS 

low  w  itrr  satVtv  valve,  101 

im>-in-.  7S.  sl.*  Hm»,    |  HJ,  -289,  295, 
21»7  :i'M» 

irnl  po\\  ri ,  S3 


Water  power,  261 

purifier,  226 

tulte  boilere,  226-286 

tubes,  178 
Watt'a  governor,  166 

.  time,  workmanship  in,  7 
Wedmore,  512 
Weight   of    marine    engines    and    their 

W power,  269-70 
ells^  gas  engine,  452 
Welsh  coal,  418 

and  other  coal  smoke,  2li9 
Wetness  of  steam,  183,  353-7,  5Mi» 
Wheel  of  locomotives,  driving,  tUl 
Wigan  lK>iler,  experiments  on,  429 
Wilcox  and  Babcock  boiler,  227. 235-0 
Willans,  299 

Willans'   central   valve  engine.    22,   9». 
258,  395 

experiments,  393-44 N> 

law,  82,  83.  104,  278,  29«i.  2!»2 

law  of  adiabatic  expansion,  373 
W^illans  and  Robinstm,  4 

standard  for  steam  engines,  3((S 
Wimperis,  Mr.,  478  9 
Wire  tlrawing,  79,  80,  93 
Wood  as  fuel,  416 
Worcester,  Man^uis  of,  6 
Work,  chap.  16 

and  coal,  257 

done  by  nn  ex]>anding  flui<),  333 

d<mo  on  tram  car,  247 

<lone  by  varying  fonnss,  247 

experimental,  H>4 

and  lieat,  chap.  21 

j>cr  cubic  foot  of  steam,  2S7 

iRT  jMmnd  of  steam.  76 
WorKmauHliip,  7,  22 
Wortliini^ton's    steam    pump.     tii:.    21  \. 

l.vS 
NVroiig  a«<sunipti<)n,  116 


Vairow  water  \\\\*v  lM)iler.  227,  tii:.  211 


Z 


Zeunei's  \alve  diagram,  l.'W,  4vj 
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